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Characterization  of  the  pinacoi  model  compounds  with  a chiral  shift  reagent  has 
more  completely  elucidated  the  mechanism  of  TiCU  induced  coupling.  A predominant 
formation  of  the  dl  isomer  over  the  meso  isomer  supports  the  speculation  that  the  reaction 
mechanism  proceeds  through  a cyclic  intermediate  involving  a low-valent  titanium  surface. 
An  180-labeling  study  via  mass  spectrometry  unequivocally  defined  the  mechanism  of 
hydrolysis  in  this  chcmisty. 

Extending  these  model  compound  results  to  the  polymerization  of  dicarbonyl 
compounds  showed  that  while  oligomers  and  low  molecular  weight  polymers  can  be 
formed,  polymers  with  molecular  weights  exceeding  6000  could  not  be  synthesized. 
Solubility  and  mechanistic  explanations  for  these  results  are  presented. 

A threefold  increase  in  molecular  weight  was  observed  when  synthesizing  the  more 
flexible  polypinacol  rather  than  the  polyvinylene  structures,  corroborating  previous 
evidence  regarding  the  influence  of  chain  flexibility.  Rigid  polymer  structures  are  less 
soluble,  and  a concept  to  produce  soluble,  yet  potentially  rigid,  polymer  structures  is 
presented,  which  is  based  on  the  incorporation  of  bulky,  thermally  labile  substituents  on 
the  chain  itself. 


CHAPTER  1 
INTRODUCTION 


Successful  polymer  chemistry  is  bused  on  reactions  which  arc  completely  predictive 
and  which  join  one  molecule  to  another.  The  assembly  process  can  be  divided  into  two 
categories,  chain  propagation  and  step  propagation.  This  research  has  focused  on  a study 
of  reductive  coupling  chemistry  via  low  valent  titanium  to  produce  polymers  by  step 
propagation  reactions. 

All  step  polymerizations  fall  into  one  of  two  categories  depending  on  the  type  of 
monomers  employed  II].  The  first  involves  two  different  bifunctional  or  polyfunctiona! 
monomers  possessing  one  type  of  functional  group  each,  while  the  other  involves  a single 
monomer  containing  both  types  of  functional  groups.  These  two  groups  of  reactions  can 
be  represented  in  a general  manner  by  Equations  1-1  and  1-2,  where  A and  B represent  the 
two  different  tvpes  of  functional  groups. 

n A-A  + n B-B  > -[-A-AB-B-]n-  Equation  1-1 

n A-B > -[-A-B-]n-  Equation  1-2 

The  characteristics  of  these  two  types  of  step  polymerizations  are  similar.  The 
successful  synthesis  of  high  molecular  weight  polymers  using  any  step  polymerization 
reaction  is  generally  more  difficult  than  the  corresponding  small  molecule  reaction,  since 
high  polymer  can  only  be  achieved  at  essentially  complete  conversions.  Carothers  |2] 
illustrated  the  importance  of  high  conversion  in  step  polymerization  with  the  derivation 
of  an  equation  which  relates  the  degree  of  polymerization  Xn  to  the  extent  of  reaction  p, 
assuming  a perfect  balance  of  stoichiometry. 


Xn  = (l-p)-l 


the  total  number  of  molecules  at  a given  time,  or  more  simply,  it  is  the  average  number  of 
structural  units  per  polymer  chain.  The  extent  of  reaction  p.  which  has  a value  between  0 

groups  to  product  is  considered  a good  yield.  However,  if  the  same  degree  of  conversion 
occurs  during  a step  polymerization,  the  degree  of  polymerization  equals  only  10  units 
based  on  Carothcr's  equation.  Even  if  the  extent  of  reaction  improves  to  95%,  the  number 

polymer  will  not  fotm  until  the  extent  of  reaction  reaches  greater  than  98%. 

This  need  for  very  high  conversion  places  several  stringent  requirements  on  any 
reaction  to  be  used  for  step  polymerization.  It  must  be  a clean  reaction  with  a favorable 
equilibrium  and  must  be  free  of  any  side  reactions  which  might  inhibit  propagation.  These 
stringent  requirements  are  met  by  a relatively  small  fraction  of  the  reactions  used  to 
synthesize  small  molecules,  and  therefore,  any  research  involving  the  development  of  a 
new  coupling  reaction  or  even  the  evaluation  of  a present  system  as  a possible  method  for 
step  polymerization,  is  always  regarded  with  great  interest. 

Reductive  Coupling  of  Carbonyls 
general  Methods  Used  Before  ihe  1970s 

investigated  as  a possible  route  for  synthesizing  polymers.  Prior  to  the  1970s, 
photoreduction  13],  electrolytic  techniques  |4|  and  reduction  by  metals  in  appropriate 


result  in  primary  formation  of  pinacols.  In  the  case  of  photoreduction.  manv  ketones,  such 
as  benzophenone,  can  be  coupled  photochemically  yielding  the  pinacol  in  a greater  than 
90%  yield  (Figure  1-1).  The  reaction  is  a slow  process,  however,  with  the  possibility  of 
side  reactions  intervening  and  thus  is  not  a reaction  for  forming  polymers. 


Figure  1 - 1 . Phoioreductivc  coupling  of  benzophenone. 


In  the  1940s  a large  amount  of  research  was  devoted  to  the  electrolytic  reduction  of 
aldehydes  and  ketones  to  their  respective  pinacols  [6],  The  most  extensive  studies  of  the 
macroscale  reduction  of  acetophenone,  for  instance,  have  been  those  of  Swann  and 
coworkers  [41,  who  obtained  the  pinacol  in  a 77%  yield,  which  again  is  too  low  for 
polymer  chemistry  (Figure  1-2).  In  addition,  bis-mcthylbenzyl  ether  was  also  produced  as 
well  as  appreciable  amounts  of  non-distillable  compounds. 


Figure  1-2.  Electrolytic  Reduction  of  acetophenone 


Reductive  coupling  of  carbonyls  can  also  be  accomplished  by  electron  donation 
from  a metal  such  as  magnesium  (51.  where  the  metal  is  generally  activated  with  a mercury 

hydrate  in  a 50  to  90%  yield  (Figure  1-3). 

O Cf'M^0  HO  OH 

CH3CCH3  - (CH3)2C—  aCHjk  — — CH, — | 1 — CH, 

H3C  CH, 

Figure  1-3.  Reductive  coupling  of  acetone  by  amalgamated  magnesium. 

While  all  three  of  these  reactions  are  viable  methods  forreductively  coupling 
carbonyls,  their  yields  are  too  low  and  the  possibility  of  terminating  side  reactions  too  great 
to  consider  them  suitable  for  step  polymerization. 

Coupling, of  Carbpnyls.whh  U'w-Valeni  Ttmgsien  and  Tiianium 

In  1973  Sharpless  ct  al.  (71  reported  the  unprecedented  use  of  low-valent  tungsten 
to  couple  aldehydes  and  ketones  to  olefins.  The  active  coupling  reagent  is  generated  by 
addition  of  butyllithium  to  tungsten  hexachloride  in  THF  (Figure  1 -4),  and  although  a wide 
range  of  aldehydes  and  ketones  were  coupled,  yields  for  the  resulting  olefins  were  on 
average  low.  The  highest  yield  of  76%  was  obtained  in  the  coupling  of  benzaldehydc. 


Figure  1-4.  Reductive  coupling  of  a carbonyl  by  low-valent  tungsten. 

During  that  same  year.  Mukaiyama  et  al.  [8]  reported  that  a low-valent  titanium 
compound,  produced  from  TiCU  and  Zn,  reduced  aldehydes  and  ketones  to  the 
corresponding  pinacols  as  well  as  olefins  depending  on  reaction  conditions  (Figure  1-5). 
Tyrlik  and  Wolochowicz  [91  of  Poland  reported  similar  results  with  a TiCIj-Mg 


99%  trans 


Figure  1-5.  Reductive  coupling  of  benzaidehyde  using  Mukaiyama's  reagent. 

In  a typical  experiment,  a suspension  of  zinc  powder  in  THF  was  slowly  added  to  a 
mixture  of  benzaidehyde  and  TiCU  in  THF  at  - 10°C  under  argon.  The  yellow  solution 

stirred  for  2 hours  at  0°C,  followed  by  alkaline  hydrolysis  with  10%  potassium  carbonate 

in  98%  and  <1%  yields,  respectively.  In  the  alternate  route,  the  deoxygenation  reaction  to 

olefin  was  obtained  in  a 98%  yield. 


The  significance  of  the  work  of  Mukaiyama  et  al.,  other  than  its  obvious  utility  for 
the  synthesis  of  pinacois  and  olefins,  is  that  near  quantitative  yields  an:  obtained  in  the 
synthesis  of  these  compounds.  High  yields,  however,  are  observed  only  in  the  coupling  of 
aromatic  aldehydes  and  ketones  (Table  1-1).  This  data  suggest,  therefore,  the  possibility  of 
using  reductive  coupling  of  carbonyls  as  a mode  for  step  polymerization,  at  least  in  the  case 
of  aromatic  aldehydes  and  ketones. 


Table  1-1.  Reactions  of  carbonyl  compounds  with  TiCU  and  Zn. 


Solvent  Temp. 

THF  25°C 

THF  reflux 

THF  25°C 


dioxane  85°C 

THF  reflux 


Compound  Pinacol 

benzophenone  98% 

benzophenone  0% 

benzaldehyde  98% 

benzaldehyde  0% 

3-phenylpropanal  78% 

3-phenylpropanal  86% 


Olefin 

97% 


0% 

3% 


Studies  of  Low-Valent  Titanium  Chemistry  bv  McMutrv.and  Other  Investigators 

understand  the  chemistry  at  hand.  For  example,  what  are  the  optimum  conditions 
necessary  for  high  yields,  and  are  there  any  other  systems  which  give  similar  results? 
Although  Mukaiyama  and  Tyrlik  were  the  first  to  report  the  use  of  low-valent  dtanium  for 
the  purpose  of  coupling  carbonyls  to  olefins  and  pinacois  [8,9),  McMurry  and  coworkers 
have  performed  the  most  extensive  investigation  into  the  range  of  this  chemistry  as  well  as 
the  process  taking  place  1 10-17).  For  this  reason,  many  consider  coupling  by  low-valent 


118). 


The  research  of  MeMurry  ei  al.  did  not  involve  the  TiCkt-Zn  system  of  Mukaiyama 
ctal.  but  dealt  initially  with  a TiCh-LiAiR;  combination  [10,1 1],  which  gave  better  results 
with  aliphatic  systems.  Table  1-2  shows  reactions  carried  out  by  MeMurry  et  al.,  with 
yields  ranging  from  80  to  95%.  MeMurry  noted  that  the  coupling  of  saturated  aliphatic 
ketones  to  olefins  was  erratic  [12],  where  successful  results  seemed  to  be  dependent  on 
specific  batches  of  reagents  used  As  a result,  they  investigated  TiCl  3- K [12],  TiCl3-Li 
[13],  and  TiCl3-(Zn-Cu)  [14]  reducing  mixtures  and  found  the  results  to  be  far  more 
reproducible;  yet,  experimentally  MeMurry  and  coworkers  preferred  the  TiCl  v(Zn-Cu) 
system,  since  working  with  potassium  and  lithium  arc  potentially  more  dangerous  [13], 
Although  the  research  of  MeMurry  et  al.  only  concerned  the  formation  of 
olefins,  Corey  and  coworkers  [19]  investigated  several  different  types  of  reductive  systems 
for  pinacol  formation  and  found  that  a TiCLt-Mg(Hg)  system  gave  the  best  overall  yields 
for  their  applications  (Table  1-3). 

Nature  of  the  low-valent  titanium  reagent 

Understanding  the  exact  nature  of  the  low-valent  titanium  reagent  before,  during 
and  after  coupling  of  the  carbonyls  is  imponant  in  the  application  of  MeMurry  Chemistry  to 
polymerization.  This  aspect  of  the  chemistry,  however,  has  generated  the  greatest  number 
of  questions  and  debate.  Equations  1-4  and  1-5  show  the  general  two-step  reduction 
process,  where  [M]  is  the  activated  titanium  reagent  and  [M-O]  is  the  by-product  after 
deoxygenation  or  hydrolysis  work-up. 

TiClx  + reducing  agent  + solvent  > [M]  Equation  1-4 

[M]  + ketone > 


|M-0]  + coupling  products 


Equation  1-5 


Table  1 -2.  Reactions  performed  by  McMuny  ct  al.  wiih  T1CI3  and  UAlHj. 


c^°  — OO  *5 


9 

Table  1-3.  Reactions  performed  by  Corey  et  al.  with  TiCl4-Mg(Hg). 

% yield 


OH  OH 

O-  — - CHQ 


The  nature  of  the  active  coupling  species  [M|.  in  particular  the  formal  valence  state 
of  titanium  in  [M]  and  in  the  resulting  IM-O],  was  initially  unknown.  Both  Mukaiyama  et 
al.  [81  and  McMurry  et  al.  [10]  initially  proposed  the  formadon  of  Ti(II)  by  electron 
donation  from  Zn  or  LiAlKt.  McMurry  felt  that  evidence  in  support  of  this  hypothesis 
came  from  observation  of  the  black  color  characteristic  of  Ti(II)  species  [7], 

In  a later  paper,  however.  McMurry  and  Fleming  [ 1 21  modified  their  procedure 
using  Rieke's  general  method  for  preparation  of  activated  metals  [20].  Rieke  and  Hudnall 
developed  this  process  in  1972  for  generating  magnesium  metal  in  a very  reactive  state  to 
be  used  in  the  preparation  of  Grignard  reagents.  The  general  process  for  generating  finely 
divided  metal  involves  reduction  of  a magnesium  halide  by  reflux  in  an  inert  ethetal  solvent 
with  an  alkali  metal  under  an  inert  atmosphere.  Reduction  yields  a fine  black  powder  of 
magnesium  metal  which  can  be  immediately  used  to  prepare  the  Grignard  reagent  by  simple 
addition  of  a alkyl  or  aryl  halide  (Figure  1-6).  This  modification,  therefore,  involved  the 


reflux  of  T1CI3  with  the  reducing  agent  in  THF  prior  to  the  addition  of  the  aldehyde  or 
ketone,  forming  what  he  considered  to  be  an  active  Ti(0)  powder. 


MgX2  Mg(0>  ~ R-MgX 

Figure  1-6.  Formation  of  activated  magnesium  for  use  in  Grignard  reagents. 

A comparison  of  the  yields  of  olefin  production  from  the  various  systems  shows 
that  active  (Ml  is  for  the  most  part  equally  efficient  in  coupling,  regaidless  of  however 
different  the  reduction  conditions  may  be.  This  comparison,  as  well  as  the  common  color 
change  observed  for  all  the  reactions,  is  taken  as  an  indication  that  various  reducing  agents 
produce  rather  similar  |M|  species  [18]. 

Dams  and  coworkers  [18]  have  reported  the  most  extensive  investigation  into  the 
nature  of  [M]  via  electron  microscopy,  thermogravimetry,  infrared  spectroscopy,  and 
electron  spin  resonance.  Their  observations  fit  the  conclusion  that  [M]  is  a colloidal 
suspension  of  titanium  particles,  mostly  in  the  zero  valence  state,  which  is  stabilized  by 
weak  interaction  with  the  solvent.  A model  of  such  a particle  is  shown  in  Figure  1 -7 


Figure  1-7.  Model  of  an  active  titanium  panicle  proposed  by  Dams  et  al. 

The  inner  side  resembles  metallic  titanium,  while  at  the  surface,  titanium  can  be  in  a 
higher  valence  state,  particularly  when  bonded  to  chlorine  or  some  other  ligand.  The 
number  and  strength  of  the  ligand  bonds  determine  the  formal  valence  state  of  titanium  at  a 


given  position  on  the  surface.  Formal  bulk  valency  is  then  an  average  over  all  titanium 
atoms  and  is  dependent  on  the  reducing  agent  used. 

The  reactivity  of  [M]  restricts  the  choice  of  solvents  largely  to  hydrocarbons  and 
ethers.  Solvents  investigated  by  Dams  et  al.  included  benzene,  cyclopentadiene,  hexane, 
furan,  thiophene,  pyridine,  anisole,  tetrahydrofuran.  glyme,  diglyme,  and  diethyl  ether.  In 
pyridine,  the  initial  reduction  could  be  performed  with  all  reducing  agents  (as  judged  from 
the  appearance  of  a black  suspension)  but  the  strong  chelating  effect  of  the  nitrogen  would 
not  allow  coupling.  Using  diethyl  ether  as  a solvent,  they  observed  the  formation  of  a 
metallic  mirror  on  the  walls  of  the  reaction  vessel  suggesting  coagulation,  but  olefins  were 
still  formed  in  good  yields.  Of  all  the  solvents  tested,  however,  THF  performed  best  in  all 
instances,  since  [M]  could  remain  in  small  particles. 

Dams  and  coworkers  also  optimized  stoichiometric  conditions  for  the  formation  of 
[M],  Based  on  the  amount  of  olefin  formed  as  well  as  unreactcd  starting  material,  they 
calculated  the  optimum  conditions  to  be  reached  at  aTiCiyK  ratio  of  1:3.2  and  at  a 
TiCl3/Mg  ratio  of  1 : 1 .7.  In  each  case,  a three-electron  transfer  took  place,  corroborating 
McMurry’s  conclusion  that  [M]  contains  Ti(0). 

Since  Tyrlik  and  Wolochowicz  [9]  suggested  that  the  TiCly/ketone  ratio  could  be 
important.  Dams  and  coworkers  also  optimized  this  parameter  in  the  McMurry  reaction  and 
found  that  the  most  efficient  TiClj/kctone  ratio  is  at  least  1:1.  At  lower  ratios  the  additional 
amount  of  ketone  is  left  unreactcd.  Therefore,  only  one  carbonyl  molecule  can  be  coupled 
per  titanium  atom,  making  it  unlikely  that  coupling  proceeds  on  a single  Ti  atom  but  rather 
takes  place  on  the  surface  of  a microcrystallite  or  cluster. 

As  in  the  case  of  [Ml.  Dams  and  coworkers  evaluated  [M-O]  using  various 
techniques  to  obtain  a plausible  model.  The  nature  of  [M-O]  after  deoxygenation  was 
determined  by  McMurry  et  al.[  17]  for  the  most  part  to  be  primarily  Ti02.  Dams  and 
coworkers  report,  however,  that  [M-O]  was  different  from  Ti02  for  several  reasons.  After 
coupling,  a black  color  presists,  which  indicates  that  TiOy  (which  is  white)  is  not  the  final 


deoxygenation,  unreactive  |M  O|  can  be  regenerated.  A fresh  portion  of  LiAlRr  restores 
(M-Ol  to  the  aedve  form  |M],  which  is  capable  of  coupling  a fresh  batch  of  ketone  in  good 
yields. 

Further  information  about  the  nature  of  (M-O]  stems  from  ESR  spectra  obtained 
after  addition  of  Ti03  to  alkenes.  Signals  were  very  similar  to  those  of  [M-O],  and  must 
be  due  to  Ti(III),  which  is  it  bonded  to  the  olefmic  bond.  Dams  and  coworkers,  therefore, 
interpreted  the  time-dependent  Ti  signal  as  due  to  [M-O)  containing  Ti(in)  it  bonded  to  the 
alkene  product  (Figure  1-8). 


Ln— H(in> 


Figure  1-8.  Model  for  [M-O]  containing  Ti(HD  it  bonded  to  olefin. 

Coupling  mechanism  of  McMurev  reaction 

Both  Mukaiyama  ct  al.[8]  and  McMurry  et  al.[  17)  proposed  reaction  mechanisms 

McMurry  and  coworkere  [17]  were  able  to  differentiate  between  these  two  routes 
by  the  reduction  of  cis-9,10-dccalindiol  and  trans-9,10-dccalindiol  (Figure  1-10). 
Reduction  was  done  by  exposure  of  the  diols  to  TiCly-K  followed  by  deoxygenation  to  the 
olefins.  Reduction  of  the  cis-isomer  proceeded  smoothly  to  yield  the  corresponding 
trans-isomer  under  identical  conditions. 


e.  Reaction  of  the  the  i 
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Figure  1-9.  Coupling  reaction  with  two  possible  pinacolate  intermediate  structures. 

In  the  cis  isomer  the  oxygen  atoms  can  both  bond  to  a common  surface  or  single 
titanium  atom  while  in  the  trans  isomer,  this  is  not  possible.  Therefore,  McMurry  and 
coworkers  concluded  that  the  acyclic  reacdon  path  did  not  represent  a viable  choice  of 
reaction  mechanism. 

do  -^oo 

OH 

OH 

TidyK 

reflux 

OH 


Figure  1-10.  Reduction  of  trans  and  cis-9,10-decalindiol  with  T1CI3  and  K. 


Later  Dams  and  coworkers  [18]  were  able  to  describe  a more  derailed  mechanism 
based  on  the  information  they  ascertained  about  the  nature  of  [M]  and  [M-0[.  In  the  first 
step  the  carbonyl  becomes  attached  to  a free  active  site  on  titanium,  and  the  coupling 
process  via  a radical  mechanism  is  started  by  an  electron  transfer  from  titanium  to  the 

The  radicals  can  now  react  in  two  ways  (Figure  1-11).  They  either  dimerize  to 
titanium  pinacolate  or  form  alcohols  (and  hydrocarbons  to  a lesser  extent)  by  uptake  of 
absorbed  activated  hydrogen  from  LiAlHi  or  THF.  Reflux  of  [M],  prior  to  the  addition  of 
the  carbonyl,  results  in  a decrease  of  alcohol  production. 

The  majority  of  the  radicals  will  dimerize  under  proper  experimental  conditions. 

bonds.  If  abstraction  of  oxygen  from  the  pinacolate  were  the  most  difficult  step,  the 
corresponding  pinacols  should  be  formed  in  higher  concentrations. 

After  the  formation  of  the  titanium  pinacolate  the  two  C-O  bonds  are  broken  in 
consecutive  steps,  as  is  suggested  by  the  occurrence  of  an  epoxide  as  a side  product  in  the 
coupling  of  mesityl  oxide.  The  result  of  the  mechanism  is  an  olefin  n bonded  to  [M-O], 
which  is  then  isolated  by  standaid  work-up  procedures. 


Since  the  introduction  of  iow-vaient  titanium  coupling  by  Mukaiyama  et  al.[8],  a 
great  deal  of  work  has  been  performed  in  the  evaluation  and  improvement  of  this 
procedure.  Surprisingly,  no  one  has  ever  reported  yields  equivalent  to  those  obtained  with 
the  TiClq-Zn  system.  Extending  McMutry  chemistry  to  step  polymerization  requires  the 
coupling  of  aromatic  compounds  possessing  two  carbonyl  functionalities  per  molecule. 
Once  exposed  to  the  TiCU-Zn  complex,  the  polymeric  pinacolate  intermediate  could  cither 
be  refluxed  to  form  a poly vinylene  or  hydrolyzed  to  create  a polypinaco!  (Figure  1-12). 
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Figure  1-11.  Proposed  reaction  mechanism  by  Dams  et  al. 
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Figure  1-12.  Extension  of  low-valent  titanium  chemistry  to  step  polymerization. 

Polyvinylenes  are  of  interest  due  to  the  conjugated  nature  of  their  polymer 
backbones  creating  the  possibility  of  conductivity  [211.  Conductive  polymers  synthesized 
by  other  methods  are  often  low  in  molecular  weight,  which  has  generated  interest  in  the 


because  they  are  a novel  class  of  polymers,  which  as  of  yet  have  not  been  made  by  any 
other  method  of  polymerizadon. 

Interestingly  enough,  the  coupling  of  dicarbonyl  compounds  by  McMurry 
chemistry  is  not  a novel  concept.  Baumstark  and  coworkcrs  [221  were  the  first  to  couple 
dialdehydes  and  diketones,  followed  by  McMurry  [14],  but  their  interest  was  solely  in  the 
intramolecular  coupling  of  the  functional  groups,  yielding  rings  (Figure  1-13). 


To  study  this  chemistry  as  a polymerization  mechanism,  it  is  not  sufficient  to 
simply  prepare  dicarbonyl  monomers  and  couple  them  to  polymers.  Although 


elucidation  of  improved  methods  for  their  syn 


d be  of  interest 


R,— 


for  n = 2 to  20 

Figure  1-13.  Intramolecular  coupling  of  dicarbony!  compounds. 


polymerization  is  die  ultimate  goal,  there  arc  many  questions  directly  concerning  the 
formation  and  characteristics  of  such  polymers  which  can  only  be  answered  by  a thorough 
model  compound  study.  For  instance,  arc  the  high  yields  of  Mukaiyama's  system 
reproducible  and  if  so,  do  these  yields  extend  to  other  aromatic  compounds  not  yet 
coupled,  such  as  heteroaromatic  aldehydes  and  ketones?  What  are  the  expected 
conformations  and  configurations  within  the  repeat  unit  of  the  polymer  and  how  might  they 
influence  polymer  properties? 

The  goal  of  this  research  was  to  evaluate  the  viability  of  low-valent  titanium 
chemistry  (specifically  the  Mukaiyama  system)  as  a step  polymerization  mechanism. 

Model  compound  research  elucidated  the  chemistry  and  its  viability  for  coupling 
heteroaromauc  aldehydes  in  high  yields.  Characterization  of  these  model  compounds  has 
permitted  an  evaluation  of  possible  mechanistic  routes  and  has  given  insight  into  projected 
configurations  and  conformations  within  the  corresponding  polymers.  Extension  of  this 
chemistry  to  the  synthesis  of  polymers  has  been  limited  to  basic  representative  compounds 
for  both  aromatic  and  heteroaromatic  aldehydes  and  ketones. 


CHAPTER  2 
EXPERIMENTAL 

General  Information 

All  NMR  spectra  were  obtained  with  either  a Varian  EM  360L  60  MHz  NMR 

parts  per  million  (8)  downfield  from  the  internal  reference  tetramcthylsilane.  All  spectra 

dimethyl  sulfoxide.  Infrared  spectral  analysis  was  performed  on  a Perkin  Elmer  2S1 
Spectrophotometer,  with  percent  transmission  being  recorded  relative  to  wavenumber.  All 
melting  points  were  obtained  from  either  a Thomas  Hoover  Capillary  Melting  Point 

Product  purity  was  determined  by  a Hewlett  Packard  58S0A  Scries  Gas  Chromatograph, 
while  elemental  analyses  were  performed  by  Atlantic  Microlab  Inc.  in  Norcross.  Georgia. 
Single  crystal  structure  deteiminations  were  perfoimed  on  a Nicolet  R3/ME  X-Ray 

Chromatographic  Mass  Spectrometer.  Some  molecular  weight  data  was  obtained  from  a 
Wescan  Vapor  Pressure  Osmometer. 

Unless  otherwise  specified,  reagents  were  obtained  from  Aldrich  Chemical 
Company.  Solvents  were  purchased  from  Fisher  Scientific  and  were  cenified  A.C.S. 

Formation  nfTiCU-Zn  Reductive  Complex  for  Coupling  Reactions 
before  addition  of  the  aldehyde  or  ketone.  This  procedure  incorporated  methods  reported 


in  literature  [8,121,  as  well  as  new  mollifications  which  increased  the  reactivity  and  overall 
efficiency  of  the  reducdve  complex. 

Into  a 200  ml,  3-neckcd,  round  bottomed  flask  which  had  been  evacuated,  flamed 
dried  and  flushed  with  argon,  was  placed  high  purity,  100  mesh  zinc  powder  <236  g, 

36  mmole).  Argon  gas  was  dried  by  bubbling  through  concentrated  sulfuric  acid,  followed 
by  a column  of  sodium  hydroxide  pellets,  and  finally  a column  of  anhydrous  calcium 
sulfate  (drierite).  A rubber  septum  was  placed  in  the  center  neck;  a condenser  with  drying 

third.  THF  (50  ml),  which  had  been  dried  by  reflux  with  calcium  hydride  and  distilled 
before  each  reaction,  was  syringed  through  the  septum  and  cooled  to  - 10°C  using  a dry  ice- 
COt  bath.  The  T1CI4  (2  ml,  1 8 mmol)  was  carefully  injected  into  the  THF  with  stirring, 
resulting  in  a clear  green-yellow  solution.  TiCLi  was  purchased  in  200  g quantities  in  a 
Sure  / Seal  bottle  with  a purity  of  99.9%,  and  once  the  septum  on  the  Sure  /Seal  bottle 
showed  signs  of  deterioration  (after  four  or  five  uses),  a new  bottle  was  purchased.  The 
mixture  was  refluxed  one  hour,  causing  the  color  to  darken  to  blue  then  to  black.  The 
complex  was  allowed  to  cool  before  addition  of  the  carbonyl  compound. 


Synthesis  of  the  Model  Compound  Trans-Stilbcne 

Although  trans-stilbene  hnd  been  previously  synthesized  by  Mukaiyama  and 
coworkers  [8],  this  reaction  was  repeated  for  the  purpose  of  verifying  their  results. 

A solution  of  bcnzaldchyde  (1.2  ml,  12mmol)in  10  ml  of  dry  THF  was  injected 
into  the  reaction  flask  containing  the  TiCLt/Zn  reductive  complex  and  refluxed  for  two 

approximately  60  ml  of  petroleum  ether  was  added  causing  a viscous  black  precipitate  to 


vaUs  of  the  flask. 


as  easily  poured 


into  a filter.  The  black  residue,  which  consists  of  inorganic  sails,  titanium,  and  unrcacted 

Although  the  black  residue  was  still  air  sensitive  at  this  point,  no  problem  was  encountered 
in  exposing  the  black  material  to  the  air  during  the  washing  procedure.  The  two  fractions 
were  combined,  placed  on  a rotary  evaporator  and  the  solvent  removed,  leaving  1 ,06g 
(98%)  crude  off-white  product.  Recrystallization  in  methanol  followed  by  sublimation 
yielded  pure  white  ctystals. 

Melting  Point:  123.0-123.5°C;  literature  [231  124-5°C. 

Elemental  Analysis  (%):  (calculated  for  C14H12 ) C-93.33,  H-6.67.  (found)  C-92.68, 
H-6.68. 

•HNMR0):  7.10  s,  7.15-7.65  m;  literature  (24]  7.10  s,  7.20-7.70. 

A solution  of  fleshly  distilled  2-furfural  (1.0  ml,  12  mmol)  in  10  ml  of  dry  THF 
was  injected  into  the  reaction  flask  containing  the  reductive  complex  and  refluxed  for  two 
hours  (while  still  maintaining  an  argon  atmosphere).  After  cooling  to  room  temperature, 
approximately  60  ml  of  petroleum  ether  was  added  causing  a viscous  black  precipitate  to 
cling  to  the  walls  of  the  flask.  A cloudy-yellow  solution  resulted  which  was  easily  poured 

zinc  was  retained  in  the  reaction  vessel,  where  it  was  washed  with  petroleum  ether. 
Although  the  black  residue  was  still  air  sensitive  at  this  point,  no  problem  was  encountered 
in  exposing  the  black  material  to  the  air  during  the  washing  procedure.  The  two  fractions 
were  combined,  placed  on  a rotary  evaporator  and  the  solvent  removed,  resulting  in  0.95  g 
(99%)  crude  red-brown  solid  which  was  recrystallized  in  methanol  and  sublimed  to  yield 
large  light-yellow  crystals. 

Melting  Point:  96.5-97.0°C;  literature  [25]  100°C. 

Elemental  Analysis  (%):  (calculated  for  CioHgO;>)  C-75.00.  H-5.00;  (found)  C-74.88, 


1-5.08. 


'H  NMR  (3):  6.33  dd.  6.42  dd,  6.83  s,  7.39  d:  lib 


[25]  6.25.  6.31,  6.76.  7.28. 


I3C  NMR  (3):  108.7,111.7,114.9.  142.1,153.0. 

A solution  of  freshly  distilled  2-thiophcnccarboxaldehyde  ( 1 . 12  ml  1 2 mmol)  in 
10  ml  of  dry  THF  was  injected  into  the  reaction  flask  containing  the  reductive  complex  and 
refluxed  for  two  hours  (while  still  maintaining  an  argon  atmosphere).  After  cooling  to 
room  temperature,  approximately  60  ml  of  petroleum  ether  was  added  causing  a viscous 
black  precipitate  to  cling  to  the  walls  of  the  flask.  A cloudy-yellow  solution  resulted  which 
was  easily  poured  into  a filter.  The  black  residue,  which  consists  of  inorganic  salts, 
titanium,  and  unreacted  zinc  was  retained  in  the  reaction  vessel,  where  it  was  washed  with 
petroleum  ether.  Although  the  black  residue  was  still  air  sensitive  at  this  point,  no  problem 

The  two  fractions  were  combined,  placed  on  a rotary  evaporator  and  the  solvent  removed, 
resulting  in  1.08  g (94%)  crude  yellow  solid  which  was  rccrystallized  in  methanol  and 
sublimed  to  yield  small  white  crystals. 

Melting  Point:  132-3°C;  literature  [26]  129-131°C. 

Elemental  Analysis  (%):  (calculated  for  Ci0HgS2)  C-62.50,  H-4.17;  (found)  C-62.34, 
H-4.23. 

'HNMRO):  6.97-7.05  m,  7.07  s,  7.19  d;  literature  [26]  6.98  s,  7.20  m (overlapping 
absorption). 

13C  NMR  (3):  121.4.124.3,125.9,  127.6,142.3. 

Synthesis  of  the  Model  Compound  Trans-1 .2-di(3-furvl)ethvlcne 

A solution  of  freshly  disulled  3-furfural  (1.05  ml,  !2mmole)in  10ml  of  dry  THF 
was  injected  into  the  reaction  flask  containing  the  reductive  complex  and  refluxed  for  two 
hours  (while  still  maintaining  an  argon  atmosphere).  After  cooling  to  room  temperature, 
approximately  60  ml  of  petroleum  ether  was  added  causing  a viscous  black  precipitate  to 
cling  to  the  walls  of  the  flask.  A cloudy-red  solution  resulted  which  was  easily  poured  into 


was  retained  in  the  reaction  vessel,  where  it  was  washed  with  petroleum  ether.  Although 
the  black  residue  was  still  air  sensitive  at  this  point,  no  problem  was  encountered  in 
exposing  the  black  material  to  the  air  during  the  washing  procedure.  The  two  fractions 
were  combined,  placed  on  a rotary  evaporator  and  the  solvent  removed,  resulting  in  0.92  g 
(96%)  crude  red-brown  solid.  Sublimation  yielded  clear  crystals. 

Melting  Poinr.  149-50°C:  literature  (26]  136-9°C. 

Elemental  Analysis  (%):  (calculated  for  CioHgOd  C-75.00,  H-5.00;  (found)  C-74.88, 
H-5.06. 

>HNMR(3):  6.62  d.  6.68  s 7.42 1, 7.52  m:  literature  (26]  6.52  m,  6.60  s,  7.33  m. 

>3C  NMR  (3):  106.3,  117.2.  123.4,  139.3.  142.7. 

Trans- 1.2-di(3-ihienvl)ethvlcne 

Freshly  distilled  3-thiophenccarboxyaldehyde  (1.05  ml,  12mmole)in  10ml  of  dry 
THF  was  injected  into  the  reaction  flask  containing  the  reductive  complex  and  refluxed  for 
2 hours  (while  still  maintaining  an  argon  atmosphere).  After  cooling  to  room  temperature, 
approximately  60  ml  of  petroleum  ether  was  added  causing  a viscous  black  precipitate  to 
cling  to  the  walls  of  the  flask.  A cloudy-yellow  solution  resulted  which  was  easily  poured 
into  a filter.  The  black  residue,  which  consists  of  inorganic  salts,  titanium,  and  unreacted 
zinc  was  retained  in  the  reaction  vessel,  where  it  was  washed  with  petroleum  ether. 

in  exposing  the  black  material  to  the  air  during  the  washing  procedure.  The  two  fractions 
were  combined,  placed  on  a rotary  evaporator  and  the  solvent  removed,  resulting  in  1 .09  g 
(95%)  crude  yellowish  solid.  Recrysutilization  in  isopropanol  followed  with  sublimation 
yielded  a light  yellow  crystalline  powder. 
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Melting  Point:  165-6°C;  literature  [26]  148-150°C. 

Elemental  Analysis  (%):  (calculated  for  CioHgSz)  C-62.50,  H-4.17;  (found)  C-60.83. 
H-4.40. 

'H  NMR  (3):  6.97  s,  7.24 1. 7.31  m:  literature  [261  7.00  s,  7.28  m. 

I3C  NMR  0):  121.7.  122.6.  124.5.  126.0,  139.8. 


Investieanons  into  Thennnllv-Removablc  Side  Groups 


The  purpose  of  this  reaction  was  to  investigate  the  feasibility  of  coupling  an 
aromatic  aldehyde  possessing  a t-butoxyenrbonyloxy  side  group.  Preparation  of  the 
starting  compound  p-tcrt-butoxycarbonyloxybenznldchyde  proceeded  as  follows  [27]. 

A solution  of  5.4  g p-hydroxybcnaaldehyde  in  100  ml  of  dry  THF  was  treated  with 
5.0  g potassium  tertbutoxide  under  argon.  After  stirring  for  a few  minutes  at  room 
temperature,  the  di-tertbutyldicarbonate  (10.7  g,  1 1.26  ml)  was  added  and  the  mixture 
stirred  for  one  hour.  The  mixture  was  poured  over  200  ml  crushed  ice  and  the  product 
extracted  with  ethyl  acetate.  This  solution  was  washed  with  water  several  times  and  dried 
over  anhydrous  magnesium  sulfate.  After  solvent  removal  9.45  g of  crude  light-yellow 


product  was  obtained.  The  crude  product  was  washed  with  heptane  yielding  5.64  g of 


white  crystalline  powder. 


Melting  Point:  79-80°C 

■H  NMR  0):  1.57  s.  7.35  d.  7.85  d.  9.98  s;  literature  [27]  1.57  s.  7.26. 7.39, 7.78. 
7.96. 


A solution  of  the  p-tett-butoxycarbonyloxybenzaldehyde  (2.66  g,  12  mmole)  in  10 
ml  of  dry  THF  was  injected  into  the  flask  containing  the  reductive  complex  and  refluxed  for 
2 hours  (while  still  maintaining  an  argon  atmosphere).  After  cooling  to  room  temperature, 
approximately  60  ml  of  petroleum  ether  was  added  causing  a viscous  black  precipitate  to 


i filter.  Thebla 


:<f  inorganic  salts,  tin 


nth  petroleum  i 


Although  the  black  residue  was  still  air  sensitive  at  this  point,  no  problem  was  encountered 
in  exposing  the  black  material  to  the  air  during  the  washing  procedure.  The  two  fractions 

(45%)  off-white  solid.  Characterization  by  elemental  analysis  and  NMR  revealed  that  the 

hydroxystilbene. 

Melting  Point  >200°C  decomposes. 

Elemental  Analysis  (%):  (calculated  for  C14H12O2)  C-79.24.  H-5.66;  (found)  C-79.05, 
H-5.70. 

1H  NMR  0):  6.95  s.  6.80  d.  7.4  d,  9.58  s. 

■3C  NMR  ©):  115.5,  125.2, 127.3,  128.6,  156.8. 

Model  Pinacol  Formation 

Synthesis  pf  the  Model  Compound  l,2:Pjphpnvl-1.2-cih8ncdiol 

Although  bcnzaldehyde  had  been  previously  synthesized  by  Mukaiyama  et  al.  (8], 
the  reaction  was  repeated  for  the  purpose  of  verifying  their  results.  A modification, 
however,  was  necessary  to  obtain  near  quantitative  yields.  This  modification  involved 
forming  the  reductive  complex  with  reflux  before  addition  of  the  aldehyde  or  ketone.  As  a 
result  of  this  change,  superior  yields  were  obtained  in  almost  every  case. 

For  this  reaction,  a solution  of  fleshly  distilled  bcnzaldehyde  ( 1.2  ml  12  mmole)  in 
10  ml  of  dry  THF  was  injected  into  the  reaction  flask  containing  the  reductive  complex, 

under  a stream  of  argon,  while  the  temperature  was  maintained  at  0°C.  A potassium 
carbonate  solution  (10%,  100  ml)  is  added  to  the  reaction  resulting  in  a precipitation  of 
inorganic  salts  and  a slight  evolution  of  heat.  This  mixture  was  allowed  to  stir  for  an 
additional  two  hours  while  remaining  in  the  ice  bath.  Afterwards  the  suspension  was 


KX)  ml  dieihyleiher.  The  filler  cake 


vacuum  filtered  and  the  filtrate  extracted  twice  with 

After  the  ether  solution  had  been  dried  over  anhydrous  magnesium  sulfate  and  filtered,  the 
solvent  was  removed  by  rotary  evaporator  yielding  1.24  g (97%)  off-white  powder.  White 

Melting  Point:  (crude  - dl/meso)  1 12-6°C,  (pure  - meso)  137°C;  literatute.[231  (d  and  1) 
148.5-149.5°C,  (28)  (dl)  120°C.  (meso)  137°C. 

Elemental  Analysis  (%):  (calculated  for  C14H14O2)  C-78.S0.  H-5.61;  (found)  C-78.12, 
H-5.59. 

'H  NMR  (3):  (dl/meso)  2.6  b (D2O  exchange),  4.75  m.  7.2  m.  (meso)  2.3  s.  4.87  s. 

7.3  s;  literature  [281  (meso)  2.6  (D2O  exchange),  4.84  s,  7.0-7 .3  m,  (dl)  2.0s,  4.62s,  7.0- 


A solution  of  freshly  distilled  2-furfural  (1.0  ml  12  mmol)  in  10  ml  of  dry  THF  was 
injected  into  the  reaction  flask  containing  the  complex,  which  had  been  cooled  to  0°C  with 

temperature  was  maintained  at  0°C.  A potassium  carbonate  solution  (10%.  100  ml)  is 
added  to  the  reaction  resulting  in  a precipitation  of  inorganic  salts  and  a slight  evolution  of 
heat.  This  mixture  was  allowed  to  stir  for  an  additional  two  hours  while  remaining  in  the 
ice  bath.  Afterwards  the  suspension  was  vacuum  filtered  and  the  filtrate  extracted  twice 
with  100  ml  diethylether.  The  filter  cake  was  also  washed  with  50  ml  of  diethylether  which 
was  added  to  the  other  two  fractions.  After  the  ether  solution  had  been  dried  over 
anhydrous  magnesium  sulfate  and  filtered,  the  solvent  was  removed  by  rotary  evaporator 
yielding  1 .06  g (9 1 %)  of  dark  yellow  oil.  The  crude  product  was  purified  using  a silica 


nalysis  (%): 


I for  C10H10O4)  C-61.86,  H-5.15;  (fo 


2-61.11, 


H-4.75. 

'H  NMR  0);  2.6  s,  5.0  m,  6.3  m,  7.4  s. 


A solution  of  freshly  distilled  2-thiophenecarboxaldehyde  (1.12  ml,  12  mmol)  in  10 
ml  dry  THF  was  injected  into  the  reaction  flask  containing  the  reductive  complex,  which 
had  been  cooled  to  0°C  with  an  ice  bath.  The  reaction  was  stirred  for  two  horns  under  a 
stream  of  argon,  while  the  temperature  was  maintained  at  0°C.  A potassium  carbonate 
solution  (10%,  100  ml)  is  added  to  the  reaction  resulting  in  a precipitation  of  inorganic  salts 
and  a slight  evolution  of  heat.  This  mixture  was  allowed  to  stir  for  an  additional  two  hours 
while  remaining  in  the  ice  bath.  Afterwards  the  suspension  was  vacuum  filtered  and  the 
filtrate  extracted  twice  with  100  ml  diethylether.  The  filter  cake  was  also  washed  with  50 
ml  of  diethylether  which  was  added  to  the  other  two  fractions.  After  the  ether  solution  had 
been  dried  over  anhydrous  magnesium  sulfate  and  filtered,  the  solvent  was  removed  by 
rotary  evaporator,  yielding  1.36  g (quantitative  yield)  of  crimson  redoil.  Thecrude 
product  was  purified  to  on  orange  oil  using  a silica  column  with  ether  as  the  eluent. 
Elemental  Analysis  <%):  (calculated  for  C10H10O2S2)  C-53. 10,  H-4.42;  (found) 

C-53.91,  H-4.51. 

>H  NMR  0):  2.8  s,  3.35  s,  5.0  s,  5.1  s,  6.9  m,  7.25  m. 


Coupling  Mechanism 


The  lanthanide  shift  reagent  chosen  for  this  model  compound  study  was  tris[3- 
(trifluoromediylhydroxymethylene)-d-camphorato)  europium(III).  For  the  model 
compound  1 22-diphenyl- 1 ,2-ethanediol.  the  original  NMR  sample  consisted  of 
approximately  35  mg  of  the  diol  dissolved  in  0.5  ml  of  Silanor-C  (deuterated  chloroform 
with  1%  TMS),  from  which  a base  spectrum  was  obtained.  After  aquisition  of  the  base 
spectrum,  2 mg  of  the  lanthanide  reagent  was  added  directly  to  the  NMR  sample,  shaken 
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vigorously,  and  a second  spectrum  obtained,  A third  spectrum  was  obtained  after  the 
addition  of  another  4 mg  of  the  europium  agent. 

'H  NMR  (3)  - base  spectrum:  (dl/meso)  2.6  b,  4.7  m,  7.2  m. 

■H  NMR  (3)  • 2 mg  shift  reagent:  (dl/meso)  2.2  s,  4.8  s,  4.9  s,  7.2  m. 

*H  NMR  (3)  - 6 mg  shift  reagent:  (dl/meso)  2.2  s,  4.9  s,  5.5  s,  7.3  s. 

For  the  model  compound  1, 2-dithienyl-  1,2-ethanediol,  the  original  NMR  sam 
consisted  of  approximately  35  mg  of  the  diol  dissolved  in  0.5  ml  of  Silanor-C,  from  t 
a base  spectrum  was  obtained.  After  aquistition  of  the  base  spectrum,  6 mg  of  the 
lanthanide  reagent  was  added  directly  to  the  NMR  sample,  shaken  vigorously,  and  a 
second  spectrum  obtained. 

*H  NMR  (3)  - base  spectrum:  2.8  s.  3.35  s,  5.0  s,  5.1  s,  6.9  m,  7.25  m. 

■H  NMR  (3)  - 6 mg  shift  reagent:  5.4  s,  6.15  d,  7.2  m,  7.3  m. 


The  synthesis  of  1,2-diphenyl- 1,2-ethanediol  was  performed  twice,  with  the  first 
reacnon  involving  hydrolysis  with  97%  lsO-labe!ed  water  (purchased  from  MSD  Isotopes) 
to  trace  possible  incorporation  of  water  oxygens  into  the  final  product.  Due  to  the  expense 
of  this  reagent,  the  entire  coupling  reaction  of  benzaldehyde  was  miniturized  such  that  it 
could  be  performed  in  a 25  ml  3-necked  flask  [19).  The  TiCLi  (33  ml,  3 mmol)  was  added 
to  the  zinc  powder  (0.4  g,  6 mmol)  in  5 ml  of  dry  THF,  which  had  been  cooled  to  -10°C. 
A solution  of  freshly  disulled  benzaldehyde  (0.20  ml,  212  mg,  2 mmole)  in  5 ml  of  dry 
THF  was  added  and  the  mixture  stirred  for  45  minutes.  The  color  of  the  reaction 


:ded  through  the  usual  tra 
The  ,80-labeled  water  ( 


mixed  with  0. 1 g of  pota 


darkened  to  blue- 
through  celite,  ar 


reaction  mixture  was  diluted  with  diethyl  ether,  filtered 
nth  a sodium  chloride  solution.  After  drying  over  magnes 
k1  by  a rotary  evaporator,  yielding  2.03  g (95%)  crude  whi 


product . The  1, 2-diphenyl- 1,2-ethanediol  was  recrystallized  in  an  ether  / petroleum  ether 
solution  and  analyzed  by  mass  spectroscopy. 

In  the  second  reaction  the  exact  same  procedure  was  followed,  except  that  non- 
labelcd  deionized  water  was  used  during  the  hydrolysis  step,  yielding  2.09  g (98%)  crude 

and  the  resulting  crystals  analyzed  by  mass  spectoscopy. 

Mass  Spectrum  - reaction  1 : (solids  probe.  El.  70  ev,  m/z)  214  parent  (no  lsO 
incorporation).  108, 107. 79, 77. 

Mass  Spectrum  - reaction  2:  (solids  probe,  El.  70  ev,  m/z)  214  parent,  108, 107, 79. 77. 

Polymerization  of  Dialdehvdes  with  TiCla-Zn 
Polymerization  of  Terephthaldehvde  to  Polvl  1.4-phenvlenevinvlenel 

A solution  of  freshly  sublimated  tcrephthaldehyde  (0.8  g,  6 mmol)  in  10  ml  of  dry 
THF  was  injected  into  the  reductive  complex  and  refluxed  for  10  hours.  After  allowing  the 
reaction  to  cool,  100  ml  of  10%  potassium  carbonate  solution  was  added  to  the  reaction  and 
stirred  for  30  minutes.  After  filtration,  the  water  / THF  layer  and  filter  cake  were  washed 
with  several  fractions  of  diethyl  ether.  The  ether  was  dried  over  magnesium  sulfate  and 
removed  by  a rotary  evaporator  leaving  behind  trace  amounts  of  a yellow  oil.  No  starting 
compound  was  isolated. 

The  solid  filter  cake  was  placed  in  a flask  with  100  ml  of  DMSO  and  refluxed  for 
several  hours,  causing  the  solution  to  become  fluorescent  yellow.  After  filtration,  the 
solution  was  slowly  dripped  into  several  hundred  milliliters  of  water  resulting  in 
precipitation  of  a yeilow  solid,  highly  contaminated  with  inorganic  salts.  Purification  of  the 
polymer  was  accomplished  by  refluxing  in  DMF  followed  by  reprecipitation  again  in  water, 
yielding  a yellow  brinlc  film  after  filtration.  The  polymer  was  still  found  to  be 
contaminated,  based  on  elemental  analysis  results.  An  adequate  13C  NMR  spectrum  was 
not  obtained  due  to  the  low  solubility  of  the  polymer.  Solid  state  l3C  was  performed  using 
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a solid  slate  probe  manufactured  by  Doty  Scientific  Incorporated,  but  lines  widths  of  the 
resulting  spectrum  were  too  broad  to  be  of  use. 

Melting  Point  decomposes  > 200°C. 

Elemental  Analysis  <%):  (calculated  forC8H6)  C-94.12,  H-5.88:  (found)  C-90.65, 


'HNMRO):  62-8.7  m. 

IR  (KBr.  n):  3100  (strong,  C-H  stretch,),  1650  (strong,  C=C  stretch),  1000  (weak), 


825  (weak). 

Molecular  Weight  (Mn):  1050  (end-group  analysis). 


The  monomer  was  prepared  by  reduction  of  1 ,2-dibenzoylethylene  with  tin 
amalgam  (291.  To  a flask  containing  15  g of  mercuric  chloride  and  100  ml  of  deionized 
water  was  added  100  g of  30-mesh  tin  metal.  The  flask  was  stoppered  and  shaken  until  all 
of  the  tin  appears  to  have  a dull  silvery  coating.  The  tin  amalgam  was  then  washed 
repeatedly  with  water  until  the  washings  were  nearly  clear. 

The  tin  amalgam  (10.0  g)  was  added  to  l,2-dibenzoylethylene(5.0g)in  150  ml  of 
95%  ethanol.  The  mixture  was  heated  to  reflux  dissolving  the  dione,  and  leaving  a clear 
yellow  solution  with  the  metal.  Concentrated  HCI  (20  ml)  was  slowly  added.  After  five 
minutes  of  reflux  the  solution  became  colorless.  The  metal  was  filtered  off  while  the 
mixture  was  still  hot.  As  the  solution  cooled  to  room  temperature.  3.5  g (70%)  yellow 


needle-like  crystals  precipitated  out.  which  were  recrystallized  in  methanol. 

Melting  Point:  143-4°C;  literature  [29]  146°C. 

>H  NMR  0):  3.5  s,  7.5  m.  8.0  m. 

A solution  of  the  1.2  dibcnzoylcthane  (1.43  g,  6 mmol)  in  10  ml  of  dry  THF  was 
injected  into  the  reductive  complex  and  refluxed  for  10  hours.  After  allowing  the  reaction 
to  cool,  100  ml  of  a potassium  carbonate  solution  was  added  to  the  reaction  and  stirred  for 
30  minutes.  After  filtration  the  water  / THF  layer  and  filter  cake  were  washed  with  several 
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tractions  of  diethyl  ether.  The  ether  was  dried  over  magnesium  sulfate  and  removed  by  a 
rotary  evaporator  yielding  0.67  g (54%)  of  an  off-yellow  solid.  The  product  was  purified 
by  a silica  gel  column  using  petroleum  ether  as  an  eluent  producing  yellow  crystals. 
Characterization  of  this  compound  revealed  that  coupling  had  occurred  intramolecularly 
resulting  in  thecyclized  product.  1 ,2-diphenylcvclobuicne. 

Melting  Point:  49.5-50.0°C;  literature  [22]  50.5-52.0°C. 

Elemental  Analysis  (%):  (calculated  for  C16H14)  C-93.20.  H-6.80:  (found)  C-93.05, 


■H  NMR  0):  2.75  s,  6.50-7.70;  literature  [22]  2.80  s.  7.15-7.65 


A solution  of  1,2-dibenzoylethylene  (1.37  g.  6 mmol)  in  10  ml  of  dry  THF  was 
injected  into  the  flask  containing  the  reductive  complex  and  refluxed  for  10  hours.  After 
allowing  the  reaction  to  cool.  100  ml  of  10%  potassium  carbonate  solution  was  added  to 
the  reaction  and  stirred  for  30  minutes.  After  filtration,  the  water /THF  layer  and  filter 
cake  were  washed  with  several  tractions  of  diethyl  ether.  The  ether  was  dried  over 
magnesium  sulfate  and  removed  by  rotary  evaporator  yielding  a yellow  oil. 

In  an  attempt  to  isolate  higher  molecular  weight  product,  the  blue  filter  cake  was 
placed  in  a Soxhlet  extractor  with  THF  and  refluxed  for  two  days  yielding  a more  viscous 
yellow  oil.  DMF  was  then  placed  in  the  extractor  with  the  filter  cake  and  refluxed  for  24 
hours,  yielding  only  unidentifiable  inorganic  salts.  Although  the  proton  NMR  spectrum  of 
the  oils  gave  the  expected  resonances  for  a highly  conjugated  phenyl  compound,  high 
molecular  weight  polymer  could  not  be  isolated. 

1 H NMR  of  yellow  oil  0):  6.8-7.6  m. 

Attempted  Polymerization  of  2.5-Picarboxaldchvde  Furan  to  Poly|2.5:furvlencvipvlcncl 

methylfurfural  with  lead  tetraacetate  [30].  A solution  of  pyridine  (85  ml.  distilled  from 
calcium  hydride)  and  5-hydroxymethylfurfura!  (9.34  g,  74  mmole)  was  cooled  to 
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continued  for  three  hours.  During  this  time  the  temperature  rase  to  around  35°C  and  the 
mixture  became  a clear  yellow  solution.  After  an  hour,  the  temperature  dropped  and  a off- 

When  the  three  hours  were  completed,  the  mixture  was  poured  into  200  ml  of  ice 
water  and  acidified  with  18%  HQ.  The  resulting  suspension  was  filtered  and  the  filtrate 
extracted  with  chloroform.  The  resulting  cake  was  also  washed  with  chloroform.  The  two 
fractions  were  then  combined,  washed  with  a saturated  sodium  bicarbonate  solution,  dried 
over  anhydrous  magnesium  sulfate,  and  evaporated  to  yield  7 g (76%)  of  crude,  2,5-di- 
carboxaldehyde  furan.  which  was  recrystallized  in  carbon  tetrachloride.  Sublimation  at  full 
vacuum  and  70-80°C  yielded  4.5  g (49%)  of  pure  white  product. 

Melting  Point:  108-9°C;  literature  [301  110-1 12°C. 

IHNMR(3):  7.35  s,  9.9  s;  literature  [301  7.56  s.  9.88  s. 

,3C  NMR  (3):  119.2,  154.3,  179.2. 

A solution  of  the  2,5-dicarboxaldchyde  furan  (0.62  g,  5 mmole)  in  10  ml  of  THF 

hours.  After  allowing  the  reaction  to  cool,  100  ml  of  a potassium  carbonate  solution  was 
added  to  the  reaction  and  stirred  for  30  minutes.  After  filtration,  the  water/  THF  layer  and 
filter  cake  were  washed  with  several  fractions  of  diethyl  ether.  The  ether  was  dried  over 

inspection  of  the  filter  cake  revealed  the  presence  of  small  crimson  colored  flakes  which 
were  believed  to  be  polymer,  but  every  attempt  to  separate  them  from  the  inorganic  salts 
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Polymerization  of  Terephthaldehvde  10  PolvH.4-phenvlene-1.2-eihvlenedioll 

A solution  of  freshly  sublimated  terephthaldchyde  (0.8  g,  6 mmole)  in  10  ml  of  dry 

bath.  The  temperature  was  carefully  maintained  at  0°C  while  the  mixture  stirred  for  10 
hours,  after  which  it  was  hydrolyzed  with  a 10%  potassium  carbonate  solution,  stirred  for 
five  additional  hours  and  filtered.  The  lower  molecular  weight  fraction  of  the  polymer  was 
isolated  by  removal  of  the  water  /THF  solvent  mixture.  The  higher  molecular  weight 
fraction  was  isolated  by  refluxing  the  filter  cake  in  THF  for  four  hours,  followed  by 
filtration  and  solvent  removal.  The  off-white  polymer  was  purified  by  reprecipitation  in 

Melting  Point  softens  90-1 10°C.  decomposes  > 180°C 

Elemental  Analysis  <%):  (calculated  for  CfcHgOrf  C-70.59,  H-5.88;  (found)  C-70.64, 
H-6.65. 

•H  NMR  (d):  4.3-5.3  m,  S.3-5.8  m.  6.5-8.0  m,  9.9  m 
l3C  NMR  O):  76.5. 78.0.  125.0,  126.0.  127.0.  141.0 

IR  (KBr.  n):  3400  (strong.  O-H  stretch).  2880  (strong.  C-H  stretch).  1700  (weak.  C=0 
stretch).  1600  (weak.  C=C  stretch?),  1200  (strong).  1080  (strong). 

Molecular  Weight  (Mil):  2850  (end-group  analysis);  2650  (VPO). 

Polymerization  of  2.5  Dicarboxnldehvdc  Furan  to  Polvl2.5-difurvlene-l.2-ethvlenedioll 
A solution  of  2,5-dicarboxaldehyde  furan  [30]  (0.62  g.  5 mmole)  in  10  ml  of  THF 

to  0'C  with  an  ice-bath.  The  temperature  was  carefully  maintained  at  0°C  while  the  mixture 

solution,  stirred  for  five  additional  hours  and  filtered.  The  lower  molecular  weight  fraction 
of  the  polymer  was  isolated  as  a crimson  oil  by  removal  of  the  water  / THF  solvent 
mixture.  The  higher  molecular  weight  fraction  was  isolated  as  a brittle  dark  red  solid  by 
refluxing  the  filter  cake  in  THF  for  four  hours,  followed  by  filtration  and  solvent  removal. 
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Melting  Point:  decomposes  > 220°C. 

Elemental  Analysis  (%):  (calculated  for  C^Oy)  C-S7.14,  H-4.76;  (found)  C-57.35, 
H-4.78. 

>H  NMR  (3):  4.0-4.7  m,  4.7-S.9  m,  6.0-6.9  m,  7.4  s.  10.0  m 

IR  (KBr.  p):  3400  (strong,  O-H  stretch),  2900  (strong,  C-H  stretch),  1710  (weak, 

OO),  1510  (weak),  1010  (strong). 

Molecular  Weight  (Mn):  5540  (end-group  analysis). 

Molecular  Weight  Analysis  by  Vapor  Pressure  Osmometry 
With  the  vapor  pressure  osmometer,  small  differences  in  vapor  pressure  between  a 
pure  solvent  and  a solution  are  converted  to  temperature  differences  which  can  be  measured 
very  precisely  with  thermistors.  When  calibrated  with  a suitable  standard  material,  the 
temperature  difference  can  be  convened  to  a concentration  and  thus  to  molecular  weight. 

Calibration  of  Imnmroem  UangitenaLaLSBndaBi 

of  102°C.  Three  solutions  of  benzil  in  DMSO  were  made  of  varying  concentrations.  An 
average  AV  for  each  standard  solution  was  obtained  and  divided  by  the  concentration  of  the 
solution.  These  values  were  plotted  versus  concentration  and  the  best  fit  straight  line 
extrapolated  to  zero  concentration.  Multiplying  this  intercept  value  by  the  molecular  weight 
of  benzil  (210)  yielded  a calibration  factor  K of 448  which  could  then  be  used  to  calculate 
the  molecular  weight  of  the  polymer  sample. 


Table  2-1.  Datafrc 


2.62  g/1 

4.20  g/1 
8.05  g/1 


nems  of  benzil  standards. 

AV/C 


Data  from  "benzil  standards" 


Four  solutions  of  poly  [ 1 ,4-phenylene- 1 ,2-ethylenediol]  in  DMSO  were  nu 
varying  concentrations.  An  average  AV  for  each  solution  was  again  obtained  and  I 
divided  by  the  concentration  and  plotted  versus  concentration.  The  resulting  interc 
was  then  divided  into  the  calibration  factor  K to  yield  a number-average  molecular 
value  of  2560  for  the  polymer. 


adeof 


Table  2-2.  Data  from  VPO  measurements  of  polylphenylene-ethylcncdioll. 


Standard  concentration  AV/C 

0.76  g/1  0.88  1.16 

1.17  g/1  1.54  1.32 

1.51  g/1  3.10  2.05 

1.84  g/1  4.26  2.32 
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CHAPTER  3 

MODEL  COMPOUND  STUDIES  OF  THE  MUKAIYAMA  COUPLING  SYSTEM 


A model  compound  sludy  was  conducted  to  evaluate  the  utility  of  the  Mukaiyama 
system  for  the  coupling  of  carbonyls,  to  better  understand  its  application  to  the  synthesis  of 
polymers.  Although  Mukaiyama  and  coworkers  18]  repotted  near  quantitative  yields  for 
aromatic  aldehydes  and  ketones,  it  was  necessary  to  verify  these  yields  for  both  olefin  and 
pinacol  reactions,  as  well  as  assess  the  viability  of  extending  this  chemistry  to  hetero- 
aiomatic  aldehydes.  In  this  research,  single  crystal  X-ray  studies  of  olefin  models  allowed 
unequivocal  structural  assignments  to  be  made  and  yielded  valuable  information  into  the 
requirements  for  polyvinylene  planarity.  A prediction  of  regularity  in  polypinacols  was 
made  possible  by  an  evaluation  of  the  pinacol  models  using  proton  NMR  and  isotopic 
labeling  techniques,  yielding  valuable  information  concerning  isomeric  mixtures,  as  well  as 
further  details  into  the  reaction  mechanism. 


To  verify  the  results  of  Mukaiyama  et  al.[8],  the  synthesis  of  stilbene  was  repeated 
following  his  procedure  for  olefin  formation  (Figure  3-1).  This  process  involved  the  slow 
addition  of  a suspension  of  zinc  powder  in  dioxane  to  a mixture  of  titanium  tetrachloride 
and  benzaldehydc  in  dioxane  at  -I0°C  under  argon.  This  procedure  proved  to  be  awkward 
at  fust,  since  addition  of  the  zinc  powder  was  difficult  while  maintaining  the  inert 

10%  potassium  carbonate  solution  followed  by  ether  extraction.  Unlike  the  near 
quantitative  yields  obtained  by  Mukaiyama,  initial  isolated  yields  using  this  procedure  were 
only  about  70%. 
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Figure  3-1.  Coupling  of  benzaldehyde  lo  trans-stilbenc. 


Modification  of  Ihe  Mukaiyama  procedure  involved  a change  in  the  reagent  addition 
order.  TiCLi  was  added  carefully  to  a mixture  of  zinc  powder  and  benzaldehyde  in  dioxane 
allowing  for  a quicker  and  cleaner  addition  process.  Yields  improved  substantially  to 
approximately  90%  isolated  product. 

McMuny,  Fleming[16]  and  Coe  [31],  which  involved  two  important  modifications.  First 
the  TiCU-Zn  complex  was  formed  in  THF,  prior  to  the  addition  of  the  aldehyde. 
Specifically  T1CI4  was  added  carefully  to  a suspension  of  zinc  powder  in  THF  at  -10°C 
under  argon,  then  refluxed  for  one  hour  resulting  in  a slow  color  change  from  yellow  to 
blue-black.  After  the  complex  cooled  to  room  temperature,  benzaldehyde  was  added,  and 
the  mixture  refluxed  for  an  additional  two  hours.  By  refluxing  the  complex  separately  prior 
to  the  addition  of  reagent,  a more  reactive  low-valent  titanium  species,  possibly  Ti(0),  is 
allowed  to  form  [12, 20].  The  second  modification  involved  a change  in  the  work-up 
procedure.  Instead  of  quenching  the  reaction  with  a 10%  potassium  carbonate  solution,  the 
mixture  was  diluted  with  petroleum  ether  causing  a viscous  black  precipitate  to  cling  to  the 
walls  of  the  flask.  A cloudy-white  solution  resulted  which  was  easily  decanted,  leaving 
behind  the  black  inorganic  residue.  By  implimenting  these  modifications,  yields  for  the 

After  an  experimental  procedure  had  been  developed  to  give  reproducible  results 
with  high  yields,  attempts  were  made  at  coupling  heterocyclic  aldehydes,  since 
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synthesizing  such  model  compounds  provides  valuable  insight  into  the  possibility  of 
utilizing  McMuny  chemistry  for  the  synthesis  of  poly(heteroarylenevinylenes). 

2-Futfural  and  2-thiophenecarbo>caldchydc  were  coupled  using  the  modified 
Mukaiytuna  procedure  and  yielded  the  olefins,  1 ,2-di(2-furyl)ethylene  and  l,2-di(2- 
thicnyl)ethylene  as  crystalline  solids  in  high  yields,  99%  and  94%  respectively  (Figure  3- 
2).  NMR  charactcnz  m of  the  crude  products  showed  that  in  each  case,  the  transolefin 
was  synthesized  almost  exclusively  (Spectra  3-1  through  3-4).  This  observation  is  in 
agreement  with  Mukaiyama's  synthesis  of  stilbene,  which  was  found  to  be  in  a 99%  trans 
configuration!  8 1. 


Figure  3-2.  Coupling  of  hctcroaromatic  aldehydes  to  the  respective  olefin  compound. 
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Spectrum  3-2.  13C  NMR  spectrum  of  I,2-di(2-ftiryl)ethyiene. 
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Spectrum  3-3.  ’H  NMR  spectrum  of  l,2-dit2-thienyl)cthylcnc. 


Spectrum  3-4.  I3C  NMR  spectrum  of  1 ,2-di(2-thienyl)ethylene. 


2-Pyrrolecarboxaldehyde  was  the  next  heterocycle  to  be  investigated.  Unlike  the  furan  and 
thiophene  analogs,  however,  no  appreciable  olefin  product  was  obtained.  Instead  a black 
tar  was  isolated  which  appeared  to  be  polymeric  in  nature.  It  was  initially  believed  that  the 
inability  of  the  pynole  compound  to  couple  is  a result  of  the  proton  on  nitrogen  acting  as  an 
acid  and  destroying  the  complex.  This  hypothesis  was  discredited  when  l-methyl-2- 
pyrrolecarboxaldehyde  and  2-pyridinecarboxaldehyde  both  failed  to  couple  to  the  respective 
olefins.  The  reason  for  the  lack  of  coupling  in  the  nitrogen-containing  heterocycles  appeals 
to  be  an  interacdon  between  the  lone  pair  of  electrons  on  nitrogen  and  the  complex 
preventing  proper  reduction  of  the  carbonyl.  This  result  is  corroborated  by  Qerici  and 
Porta  [2S1  who  found  that  an  amino  group  placed  on  the  ring  of  acetophenone  prevents 
coupling  of  the  carbonyl  in  aqueous  T1CI3  yet  allows  its  reduction  to  the  corresponding 
alcohol.  Tamelcn  and  Schwartz  [32]  similarly  found  that  nitrogen  gas  reacted  with  their 
TiCl3-Mg  system  to  form  an  undesirable  complex.  This  observation  led  to  the  use  of  argon 
as  the  inert  atmosphere  in  subsequent  McMurry  reactions. 

X-rav  Structure  Determination  of  Heterocyclic  Olefins 

Requirements  for  conductivity  include  extensive  rt-orbital  overlap  along  the 
polymer  backbone,  as  well  as  a morphology  allowing  large  intcrmolecular  interaction  and 
an  optimum  solid-state  older  (21).  These  requirements  are  dependent  on  the  extent  of 
torsional  ring  twist  found  within  the  polymer  structure  as  well  as  the  regularity  of 
configurauon  within  the  repeat  units,  and  the  larger  the  torsional  ring  angle,  the  smaller  the 
amount  of  it-orbital  overlap,  reducing  conductivity.  In  addition,  regularity  of  configuration 
within  the  repeat  unit  is  important  in  allowing  the  morphology  necessary  for  the 
intermolecular  interaction.  However,  due  to  the  unprocessibility  of  these  polymers,  much 
information  concerning  their  structure  and  order  must  come  from  a study  of  model 


Consequently,  study  of  the  heterocyclic  olefin  derivatives  of  stilbene  as  model 
compounds  was  undertaken  employing  single-crystal  X-ray  structural  analysis  to  elucidate 

rings  in  single  crystal  trans-stilbcne  have  a substantial  planar  ring  twist  of  over  5°,  due  to 
steric  interaction  between  the  vinyl  protons  and  the  ortho  protons  on  the  phenyl  rings 

(Figure  3-3). 


5°  out-of-plane 
ring  twist 

Figure  3-3.  Steric  interaction  found  in  uans-stilbene  by  Bowstra  et  al. 

In  order  to  obtain  comparative  values  for  the  model  compound  study  in  this 
dissertation.  X-ray  analysis  was  performed  on  single  crystals  of  1 ,2-di(2-furyl)ethylenc 
and  l,2-di(2-thienyl)eihylene.  In  the  case  of  the  thiophene  anolog,  the  ring  twist  is  4.4°, 
which  is  nearly  20%  mote  planar  than  the  stilbene  molecule  analyzed  by  Bowstra  and 
coworkers.  With  the  furan  version,  the  planar  ring  twist  is  only  1.1°,  translating  into  a 
nearly  coplanar  structure.  In  addition,  the  heteroatom  in  both  cases  is  turned  in  forward  the 
double  bond  (Figure  3-4). 

To  elucidate  the  reasons  for  these  observations,  the  heteroatom  was  forced  away 
from  the  double  bond  by  synthesizing  trans-1.2-di(3-furyl)ethylene  and  trans-l,2-di(3- 
thienyl)c!hylene,  via  McMuny  chemistry.  In  doing  so,  a proton  on  the  heterocyclic  ring  is 
forced  to  interact  with  the  vinyl  protons,  and  X-ray  analysis  of  the  furan  analog  revealed  a 


threefold  in 


1 3.0°  (Figure  3-5).  By  having  the 


Figure  3-5.  X-ray  sn 


s- 1 ,2-di(3-furyl)cthylene. 


'inyl  prole 


turned  in  toward  the  double  bond,  the  interaction  between  the  vi 

Another  interesting  observation  is  the  amount  of  torsional  ring  distortion  which 
exists  within  the  various  heterocyclic  olefins.  Table  3-1  shows  that  in  the  case  of  l,2-di(2- 
thienyl)ethylcne,  as  one  moves  around  the  ring,  the  torsional  bond  angles  vary  from  -2.0° 
to  1.6°.  In  the  case  of  l,2-di(2-fury!)ethylcnc,  the  rings  exhibit  a much  smaller  distortion 
range  of -1.0°  to  0.4°  (Table  3-2).  However,  if  one  examines  the  same  torsional  bond 
angles  of  l,2-di(3-fuiyl)ethylene  (Table  3-3),  one  finds  that  the  distortion  has  increased  to 
a range  of -2.5°  to  2.5°. 


Table  3-1.  Torsional  bond  angles  of  trans-l,2-di(2-thienyl)ethylcne. 
S-C(4)-C(3)-C(2)  +1.6° 

S-C(l)-C(2)-C(3)  +1.5° 

C(4)-S-C(l)-C(2)  -0.6° 

C(l)-S-C(4)-C{3)  -0.6° 

C(l)-C(2)-C(3)-C(4)  - 2.0° 

Table  3-2.  Torsional  bond  angles  of  trans-1.2-di(2-furyl)ethylene. 
0(1)-C(4)-C(3)-C(2)  +0.6° 

0(1  )-C(l  )-C(2)-C(3)  +0.0° 

C(4)-0(1)-C(l)-C(2)  -0.4° 

C(l)-0(1)-C(4)-C(3)  -0.6° 

C(l)-C(2)-C(3)-C(4)  -0.4° 

Table  3-3.  Torsional  bond  angles  of  trans-1.2-di(3-furyl)ethylcnc. 
0-C(4)-C(5)-C(2)  +0.0° 

0-C(3)-C(2)-C(5)  +2J° 

C(4)-0-C(3)-C(2)  -2.5° 

C(3)-0-C(4)-C(5)  +1.4° 

C(3)-C(2)-C(5)-C(4)  - 1.5° 


ng  this  single-crystal  data  of  the  heteroaromatic  olefins  prepared  with 


McMutiy  chemistry  to  Bowstra's  wotk  with  stilbcnc  allows  one  to  make  predictions 
concerning  their  respective  polymers.  Poly(phcnylcnevinylcnc)  would  not  be  planar  but 

extent  of  it  overlap  along  the  conjugated  backbone.  The  poly(heteroarylenevinylenes) 
would  tend  to  be  more  flat,  with  poiy(2,5-fuiylenevinylcne)  approaching  a near  coplanar 
conformation,  resulting  in  greater  it  overlap  and  higher  conductivity. 

Observing  the  heteroatom  locked  in  place  towaid  the  double  bond  suggests  that  the 
poly(heteroarylenevinylenes)  would  have  a regular  configuration  from  repeat  unit  to  repeat 
unit.  This  characteristic  is  a very  imponant  for  conductivity,  since  it  should  permit  chains 
to  pack  more  closely  increasing  intramolecular  interaction  of  it-otbitals.  Figure  3-6  shows 
the  projected  structure  for  the  most  thermodynamically  stable  form  of  po!y(2,5-difirryiene- 
vinylene)  based  on  the  X-ray  data  obtained  in  this  model  compound  study. 


Cowling  of  Hsaagflis  Aide toska  la  Pwawis 

It  was  necessary  to  veiny  the  reproducibility  of  the  Mukaiyama  procedure  for  the 


by  Mukaiyama  involved  the  slow  addidon  of  a suspension  of  zinc  powder  in  dry  THF  to  a 
mixture  of  TiCLt  and  benzaldehyde  at  - I0°C  under  argon.  The  reaction  mixture  stirred  for  2 
hours  at  0°C,  followed  by  alkaline  hydrolysis  with  10%  potassium  carbonate  solution,  the 
product  1. 2-dihydroxy- 1.2-diphenylethane  was  isolated  with  diethyl  ether  extraction  in  a 
85%  yield.(Figure  3-7). 


Figure  3-7.  Coupling  of  benzaldehyde  to  l,2-diphenyl-l,2-ethanediol. 

The  fits!  modification  of  the  Mukaiyama  procedure,  as  was  the  case  for  the  olefin 
formation,  involved  the  change  in  the  reagent  addition  order.  The  titanium  tetrachloride 
was  added  carefully  to  a mixture  of  zinc  powder  and  benzaldehyde  in  THF  allowing  for  a 
quicker  and  cleaner  addition  process  as  well  as  yields  above  90%.  The  best  results, 
however,  were  obtained  by  utilizing  the  modification  implemented  in  the  formation  of  the 
model  olefin  compounds.  The  TiCLj  - Zn  complex  is  formed  first  by  an  hour  reflux  in 
THF  prior  to  the  addition  of  the  aldehyde.  This  step  allows  the  formation  of  a more 
reactive  low-valent  Ti  particle.  Care  was  taken  to  cool  the  complex  to  0°C  before  beginning 
the  coupling  process.  If  it  was  not  cooled  sufficiently  or  was  allowed  to  warm  during  the 
reaction,  there  was  significant  formation  of  olefin  product  due  to  the  increased  reactivity  of 

virtually  the  same  manner  as  suggested  by  Mukaiyama.  The  reaction  was  hydrolyzed  with 
a 10%  potassium  carbonate  solution  followed  by  extraction  with  diethyl  ether.  Filtration  of 
the  inorganic  by-products  prior  to  extraction,  however,  gready  reduced  the  problem  of 


The  experimental  procedure  used 


emulsion  formation  experienced  upon  addition  of  the  ether.  Utilizing  this  modified 
procedure,  the  1,2-diphenylethanediol  was  obtained  in  a 97%  isolated  yield. 

2-Furfural  and  2-thiophencearboxaldchyde  were  again  the  first  heterocyclic 
aldehydes  coupled  to  the  corresponding  diols.  Both  products.  l,2-difuryl-l,2-ethanedioI 
and  1 ,2-dithienyl- 1 ,2-ethanediol,  were  isolated  as  oils  in  high  yields  (91%  and  99% 
respectively).  The  attempt  was  also  made  to  couple  2-pyrrolecarboxaldchyde  to  the  diol, 
but  just  as  in  the  case  of  olefin  formation,  the  presence  of  the  nitrogen  prevents  proper 
reduction  of  the  carbonyl  for  coupling  (Figure  3-8). 


1. TiClj-Zn 

2.  hydrolysis 
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Figure  3-8.  Coupling  of  heteroaromatic  aldehydes  to  the  respective  pinacol  compounds. 


Characterization  of  these  products,  including  the  diphenyl  analog,  with  proton 
NMR  and  gas  chromotography,  revealed  the  formation  of  two  different  isomers  (Spectra 
3-5  through  3-7).  Since  the  molecules  possess  two  chiral  carbons,  there  can  exists  four 
possible  combinations  of  configurations:  RR,  SS,  RS.  SR,  where  the  last  two 
combinations  are  identical  for  these  series  of  compounds  and  thus  constitute  the  meso 
isomer.  The  first  two  are  enantiomers  and  make  up  the  dl  (or  racemic)  pair  (Figure  3-9). 
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Spectrum  3-5.  >H  NMR  spectrum  of  1.2-diphenyI-l,2-ethanediol. 


X 


Spectrum  3-6.  'll  NMR  spectrum  of  l,2-di(2-fufvl)ethanediol. 
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Figure  3-9.  Fourpossit 
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Knowing  ihe  relative  extent  of  the  isomers  in  these  model  compounds  is  valuable  in 
predicting  the  extent  of  regularity  expected  in  polypinacols  synthesized  via  McMurry 
chemistry.  Which  isomer  is  synthesized  predominantly  and  what  factors  arc  responsible 
for  its  formation  are  questions  which  needed  to  be  answered.  Similarly,  Clerici  and  Porta 
(341  coupled  acetophenone  and  benzaldchydc  with  TiCIj  under  basic  conditions  yielding 


Figure  3- 10.. Acetophenone  coupled  to  1.2-dimethyl-l,2-diphenylethanedioI. 


The  dl/meso  ratio  for  acetophenone  was  determined  to  be  2.7  by  spectroscopic 
methods  and  is  similar  to  the  ratios  observed  in  its  photochemical  [35]  and  electrochemical 
[36]  reductions  in  alkaline  solutions.  The  dl/meso  ratio  for  bcnzaldehyde  also  reflected  a 
predominance  of  the  dl  isomer  with  a value  of  1.3  but  was  only  slightly  higher  than  the 
value  of  1 for  electrodimerization  [37].  It  is  known  from  literature  [38.39]  that  radicals  for 

dimers,  since  interaction  between  like  groups  are  minimized.  The  predominance  of  the  dl 

hydrogen  bonding  at  the  time  of  coupling  [36,37]  (Figure  3-11). 


R 


Figure  3-11.  Electrochemical  reduction  being  influenced  by  hydrogen  bonding. 
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Using  a similar  argument,  Clcrici  and  Porta  felt  the  large  attraction  of  titanium  for 
oxygen  would  cause  bridging  between  the  carbonyl  oxygens  at  the  time  of  coupling. 

Based  on  this  concept,  one  can  consider  three  possible  orientations  of  the  two  radicals  upon 
coupling  (Figure  3-12).  Of  these  three  possibilities,  two  would  yield  dl  isomers  while  the 
third  scenario  (which  involves  steric  interaction  between  the  aromatic  rings)  would  lead  to 


yields  mcso  yields  dl 

Figure  3-12.  Possible  orientations  of  coupled  radical  with  Ti  bridging. 


Consequendy,  the  same  stercotopic  argument  was  applied  to  the  pinacol  systems 
prepared  in  this  model  compound  study  with  the  TiCU-Zn  complex,  with  the  only 
difference  being  the  use  of  a titanium  surface  in  the  formation  of  the  bridge.  Using  eclipsed 
conformations,  one  can  imagine  two  different  structures  for  the  reaction  intermediate 
(Figure  3-13).  One  structure  has  rings  which  are  in  a ''transoid"  relationship,  while  the 
second  structure  has  the  rings  on  the  same  side  in  a "cisoid"  relationship. 


FT  ’R  H ~R 


Figure  3-13.  Fo 
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The  more  sable  intermediate  is  expected  to  be  the  first  structure,  since  the  amount 
of  stcric  interaction  between  the  aromatic  rings  has  been  minimized.  Hydrolysis  of  this 
intermediate  would  lead  to  the  dl  isomer  in  a greater  proportion,  while  hydrolysis  of  the 
less  sable  intermediate  would  yield  the  meso. 

Experimental  Evaluation  of  the  Model  dl/mcso  Ratio  by  Isomer  Separation 

To  confirm  the  formation  of  a bridged  intermediate  on  a titanium  surface,  it  was 
necessary  to  experimentally  verify  the  predominance  of  the  dl  isomer  in  the  model  pinacols 
when  using  the  TiCU  -Zn  reductive  complex.  The  simplest  way  to  achieve  this  verification 
was  to  separate  the  diastereomers  and  characterize  the  individual  isomers.  Separation  of  the 
1, 2-diphenyl- 1.2-ethanediol  diasteromers  was  achieved  by  successive  rectystallizations  in  a 
diethyl  ether  - petroleum  ether  solvent  mixture.  Small  white  crystals  were  obtained  which 
possessed  a melting  point  of  137°C  (unconected).  Comparison  to  melting  points  found  in 
literature  for  the  individual  diastereomers  [28, 23]  revealed  the  isolated  crystals  to  be  the 
meso  isomer  (Table  3-4). 

Table  3-4.  Experimental  and  literature  melting  points  for  1.2-diphenyl- 1,2-ethanediol. 

Experimental  Value  UteratureVnlHKS 

137°C  (d):  148.5-149.5°C  [23] 

(1):  148.5-149.5°C  [23] 

(dl):  120°C[28] 

(meso):  137°C[28] 

Characterization  of  the  crytals  with  proton  NMR  yielded  a spectrum  with  singlets  at 
3 2.30,  3 4.87,  and  3 7.30  confirming  the  isolation  of  one  diastereomer  (Spectrum  3-8). 
Comparison  of  these  shifts  with  the  original  spectrum  of  the  dl/meso  mixture  (Spectrum 

to  the  dl  isomer,  supporting  the  concept  of  a bridged  intermediate. 


53 


A_ 


Spectrum  3-8.  'H  NMR  spectrum  of  meso- 1 ,2-diphenyl- 1 ,2-ethanediol. 


Evaluation  of  the  dl/mcso  ratio  for  the  heterocyclic  diols  was  more  difficult,  since 
literature  values  could  not  be  found  for  characterization  of  the  separated  diasteromers.  The 
dl/meso  mixture  was  therefore  analyzed  by  using  a chemical  shift  reagent  to  differentiate 
between  the  diastereomers  (Figure  3-14).  The  differences  in  chemical  shifts  observed  for 
enantiomeric  substrates  in  solutions  containing  chiral  shift  reagents  arise  from  two  mutually 
dependent  interactions  [40);  the  equilibrium  constants  for  formation  of  the  various  possible 
diastereomeric  complexes  between  the  enantiomeric  substrates  and  the  chiral  chelate  differ, 
and  the  geometries  of  these  complexes,  once  formed,  are  distinct. 


downfield  shift 


Figure  3-14.  Europium  shift  reagent  used  to  influence  chemical  shifts. 

The  feasibility  of  using  chiral  shift  reagents  was  first  demonstrated  by  Whitesides 
and  Lewis  (41),  who  observed  nonequivalent  spectra  for  enantiomeric  amines  in  the 
presence  of  tris[3-(tert-butylhydroxymethy!ene)-d-camphorato]  europium(ill).  The  proton 
resonances  of  the  enantiomers  (R  and  S)  exhibit  the  expected  downfield  pseudocontact  shift 
due  to  the  interaction  with  the  paramagnetic  europium(III)  ion.  In  a mixture  of 
enantiomers,  however,  chemical  shift  differences  ranging  from  0.5  ppm  for  the  CHNH2 
proton  to  0.07  ppm  for  the  para  hydrogens  of  the  benzene  ring  are  evident. 

In  a communication  by  Pirkle  and  coworkers  (42],  the  use  of  chiral  solvents  and 
lanthanide  shift  reagents  to  distinguish  meso  from  d or  I diastcrcomeric  epoxides  was 
described.  A dramatic  difference  between  the  lanthanide  induced  shift  of  the  methine 
protons  in  the  meso  cis-2, 3-butylene  oxide  and  its  dl  trans-isomer  was  noted  (Figure  3-15). 


(b) 


Figure  3-15.  (a)  cis-2, 3-butylene  oxide,  (b)  trans-2,3-butylene  oxide. 
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The  greater  overall  shifts  displayed  by  the  protons  in  the  meso  isomer  were 
rationalized  as  a reflection  of  the  fact  that  one  of  the  two  diastereotopically  related  faces  of 
this  isomer  is  more  readily  accessible  to  the  europium  complex  than  the  stoically  hindered 
faces  of  the  corresponding  dl  isomers.  This  phenomenon,  in  which  steric  factors  control 
induced  shifts  in  cyclic  ether  systems,  was  explained  on  the  basis  of  either  unequal 
populations  of  the  two  diastereomcric  lanthanide -ether  complexes  or  closer  approach  of  the 
europium  shift  reagent  to  the  unhindered  face  of  the  cyclic  ether,  both  being  due  to  steric 

The  lanthanide  shift  reagent  chosen  for  this  model  compound  study  was  tris[3- 
(trifluoromethylhydroxymethylene)-d-camphoratol  europium(III),  since  it  has  been  shown 
to  best  affect  the  shifts  of  protons  on  carbons  adjacent  to  hydroxy  functional  groups  [43] 
(Figure  3-16).  Since  proton  NMR  peak  assignments  had  already  been  made  for  1,2- 
diphenyl-  1 ,2-ethanediol,  the  initial  lanthanide  experiment  was  performed  on  this  pinacol  in 


Figure  3-16.  Tris[3-(trifluoromethylhydroxymethylcne)-d-camphorato|  europium(III). 

The  original  NMR  sample  consisted  of  approximately  35  mg  of  the  diol  dissolved 
in  0.5  ml  of  Silanor-C  (deuterated  chlorofoim  with  1 % TMS).  After  acquisition  of  a base 
spectrum  (Spectrum  3-5),  2 mg  of  the  lanthanide  reagent  was  added  directly  to  the  NMR 
sample,  shaken  vigorously,  and  a second  spectrum  obtained  (Spectrum  3-9).  The  most 
noticable  change  in  the  spectrum  involved  the  CHOH  proton  peak  for  the  meso  isomer  at 
3 4.9,  which  shifted  0.15  ppm  downficld  and  broadened.  The  corresponding  dl  peak  also 
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iwo  singlets  in  the  aromatic  region  remained  relatively  stable  but  showed  signs  of 
coalescing,  while  the  broad  signal  for  the  hydroxy  protons  narrowed. 

After  the  additon  of  another  4 mg  of  the  europium  complex,  further  changes  in  the 
spcctntm  were  observed  (Spectrum  3-10).  The  signal  for  the  meso  CKOH  proton  peak 
now  showed  a significant  shift  of  0.6  ppm  further  downfield  with  an  increase  in 
broadening.  The  corresponding  peak  for  the  dl  isomer,  however,  shifted  a modest  0.10 

signals,  which  originally  appeared  at  d 7.15  and  3 7.25,  had  now  coalesced  completely  into 
one  signal  at  d 7.3. 


Spectrum  3-9.  'H  NMR  spectrum  of  1, 2-diphenyl- 1,2-ethanediol  with  2 mg  shift  reagent. 
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Spectrum  3-10.  lH  NMR  spectrum  of  1 ,2-diphenyl-  1,2-ethttnediol  with  6mg  shift  reagent. 


Since  it  was  now  known  that  the  lanthanide  complex  would  affect  the  shifts  of  the 
diastereomers  to  varying  degrees,  the  experiment  was  repeated  with  l,2-dithienyl-1.2- 
ethanediol.  The  base  spectrum  displayed  the  expected  dual  signal  at  d 5.0  and  d 5.1  for  the 
CHOH  proton  of  each  diastcreomcr  (Spectrum  3-1  la).  The  question  to  be  answered  was 
which  peak  represented  the  meso  isomer  and  which  peak  represented  the  dl  isomer.  Upon 
addition  of  6 mg  of  the  europium  reagent,  the  larger  of  the  two  peaks  at  d 5.0  shifted  0.4 
ppm  downfteld.  The  smaller  peak,  however,  shifted  1.05  ppm , substantially  broadened, 
and  showed  signs  of  forming  a doublet  (Spectrum  3-lb). 


Specinim  3-1 1.  (a)  Base  >HNMR  spectrum  of  l,2-dithienyl-l,2-eihancdiol. 

(b)  'H  NMR  specmim  of  1 ,2-diihienyl- 1 ,2-eihancdioI  with  6 mg 


Comparison  of  the  thienyl-diol  results  with  those  obtained  earlier  with  the  phenyl- 
diol,  further  verified  that  the  dl  isomer  was  formed  predominandy  over  the  meso  isomer, 
while  at  the  same  time  supported  the  concept  of  a bridged  intermediate  proposed  in  the 
literature  [12. 18]. 

The  results  of  this  model  compound  study  with  the  lanthanide  shift  reagent  are 
similar  to  those  obtained  by  Greene  and  coworkers  [44],  who  synthesized  a diastereoiopic 
mixture  of  bis(phenylsulphinyl)methane  by  oxidation  of  bis(phenylthio)methane  with 
hydrogen  peroxide  (Figure  3-17). 
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Figure  3- 17.  Oxidation  of  bis(phenylthio)methane  (o  bis(phenylsulphinyl)methanc. 


The  racemic  mixiure  has  equivalent  CH2  protons  while  those  in  the  meso 
compound  should  be  non-equivalent  The  spectra  of  each  isomer,  however,  showed  CH2 
singlets  at  3 4. 17  for  the  lower-melting  point  and  3 4.04  for  the  higher-melting  isomer. 
Thus,  the  non-equivalent  CHi  protons  in  the  meso  isomer  must  have  the  same  chemical 
shift.  In  the  presence  of  a chiral  shift  reagent,  though,  these  two  protons  of  the  meso 
isomer  would  now  be  expected  to  show  different  chemical  shifts.  Greene  and  coworkers 
found  that  in  the  presence  of  tris(dipivaloylmethanato)  europium  (HI),  the  protons  of  the 
lower  melting-point  isomer  were  split  into  an  AB  quartet  (3  5.90  and  3 6.12)  and  thus 
assigned  to  the  meso  isomer.  The  CH2  protons  in  the  higher  melting  isomer  remained  a 
singlet,  although  shifted  to  3 5.84,  and  was  assigned  to  the  dl  isomer.  They  proposed 
through  the  use  of  models  that  coordination  of  the  complex  takes  place  at  the  oxygen 

Applying  this  information  from  Greene  as  well  as  that  discussed  above  by  Pirkle  et 
al.[42],  it  became  possible  to  understand  the  changes  in  shift  and  multiplicity  observed  with 
the  pinacols  in  the  model  compound  study.  Since  the  lanthanide  reagent  is  expected  to 
complex  to  both  hydroxy  groups,  it  would  approach  in  such  a way  to  minimize  steric 
interaction  with  the  larger  substituents.  In  the  case  of  the  meso  isomer,  the  europium 
would  approach  the  side  away  from  the  aromatic  (or  heteroaromatic)  rings.  With  the  dl 
pair,  however,  the  europium  encounters  equal  interaction  with  the  rings  regardless  of  the 
direction  of  approach,  forcing  formation  of  a symmetrical  complex  (Figure  3-18). 
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Figure  3-18.  Europium  shift  reagent  complexing  with  meso  and  dl  pinacols. 


Since  the  hydroxy  groups  are  more  accessible  in  the  meso  isomer,  the  contact  with 
the  shift  reagent  is  more  extensive,  explaining  the  greater  shift  for  the  CHOH  protons. 
With  these  models  it  also  becomes  possible  to  see  the  asymmetric  nature  of  the  meso 
complex  which  places  the  two  CHOH  protons  in  different  magnetic  enviroments,  creating 
the  observed  splitting.  In  the  case  of  the  dl  isomer,  the  symmetry  of  the  molecule  is 

slightly  shifted  singlet. 

Investigation  into  the  Mechanism  of  Hydrolysis 

in  the  hydrolysis  of  the  intermediate  after  formation  of  the  bridged  complex.  Based  on  the 
work  already  presented  on  the  evalution  of  the  diastereomer  mixtures,  one  might  assume 
that  hydrolysis  involves  the  initial  attack  of  the  low  valent  titanium  bridge  followed  by  the 
subsequent  cleavage  of  the  Ti-O  bond  with  protonation  of  the  diol  oxygens  to  form  the 
hydroxy  functional  groups  (Figure  3-19).  The  assumption  of  this  mechanistic  route  is  that 
the  oxygens  found  in  the  final  diol  are  the  same  oxygens  found  in  the  original  carbonyls 
prior  to  coupling. 


ig  affinity  for  oxygen,  I 


roughly  two  and  a half  times  stronger  than  that  for  C-O  [45, 46).  Consideration  of  this 
allows  the  proposal  of  a second  possible  mechanistic  route,  where  a Sn2  attack  of  the  w 

configuration  at  that  site  (Figure  3-20).  In  this  scenario,  the  oxygens  found  in  the  final 


Figure  3-20.  Mechanism  involving ; 
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pinacol  are  the  result  of  hydrolysis,  while  the  original  carbonyl  oxygens  are  now  pan  of  the 
titanium  oxide  by-products. 

In  an  attempt  to  differentiate  between  these  two  cases,  benzaidehyde  coupling 
reaction  was  repeated  using  water  labeled  with  97%  lsO  during  the  final  hydrolysis  step. 
The  reaction  was  scaled  down  such  that  only  0.5  ml  of  water  was  required  for  hydrolysis. 
Mass  spectroscopy  of  the  diol  was  performed,  and  compared  with  a mass  spectrum  of  the 
same  diol  obtained  with  normal  hydrolysis.  If  the  hydrolysis  step  were  to  proceed  through 
the  substitudon  route,  then  the  labeled  ,80  would  be  incorporated  into  the  final  product  as 
hydroxy  functional  groups. 

incorporation  (Spectra  3-18  and  3-19),  and  thus,  the  oxygens  present  in  the  diol  are  the 
same  oxygens  present  in  the  original  aldehyde.  Therefore,  the  chemistry  in  Figure  3-19  is 

This  model  compound  study  was  instrumental  in  obtaining  a range  of  information 
necessary  for  the  extension  of  McMurry  chemistry  to  step  polymerization.  The  study 
demonstrated  that  the  near  quantitative  coupling  of  aromatic  carbonyls  using  Mukaiyama's 
system  can  be  extended  to  heteroaromatics  for  both  olefin  and  pinacol  formation  if 
modifications  are  made  to  Mukaiyama’s  procedure.  Pyrrole  and  pyridine  analogs  arc 
exceptions  to  the  panem,  since  nitrogen  complexes  to  the  reductive  system  preventing 
coupling.  In  every  case  during  this  study,  the  wans  isomer  was  formed  almost  exclusively. 
In  addition.  X-ray  structure!  analysis  of  the  olefins  yielded  unequivable  data  concerning  the 
varying  extent  of  "flatness"  one  finds  in  changing  from  aromatic  to  heteroaromatic  systems. 
The  pinacol  model  compound  study  characterized  the  isomers  formed  by  the  Mukaiyama 
system,  verifying  McMuny’s  prediction  of  a cyclic  pinacolate  intermediate. 

Extention  of  these  model  compound  studies  to  the  formation  of  polypinacols. 
allowed  the  following  projection  to  be  made.  Regardless  of  the  monomer  coupled,  the 
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distribution  of  repeat  units  of  varying  configurations,  with  the  dl  configuration  occurring 
predominantly.  Such  polymers  tend  to  be  amorphous,  since  the  close  packing  necessary 


Spectrum  3-18.  Mass  spectrum  of  1, 2-diphenyl- 1,2-ethancdiol  after  normal  hydrolysis. 


19.  Mass  spectrum  of  1 ,2-diphenyl- 1 ,2-ethanediol  after  hydrolysis  with 
180-labelIed  water. 


CHAPTER 4 

AN  INVESTIGATION  OF  POLYMERIZATION  VIA  REDUCTIVE  COUPLING  OF 
CARBONYLS 


Using  information  obtained  from  the  model  compound  study,  an  investigation  of 
the  polymerization  of  carbonyls  with  low-valent  titanium  was  undertaken.  Since 

could  be  coupled  in  near  quantitative  yields,  all  monomers  polymerized  in  this  study 
possessed  aromatic  moieties.  The  model  compound  study,  however,  showed  that  the 
ability  to  obtain  high  yields  extended  to  heteroaromatics,  thereby  allowing  polymerization 
of  a heterocyclic  dialdehydc.  The  purpose  of  this  study  was  to  evaluate  the  viability  of  step 
polymerization  with  the  Mukaiyama  system  to  produce  both  polyvinylenes  and 


Tcrephthaldehyde  was  the  first  monomer  polymerized,  with  care  taken  to  obtain 
high  purity  monomer  by  successive  recrystallizauon  and  sublimation.  A successful 
polymerization  under  reflux  conditions  would  yield  poIy[l,4-phenylenevinylene)  (Figure 


Figure  4- 1 . Polymerization  of  tcrephthaldehyde  to  poly[  1 ,4-phenylcncvinylene] . 


Investigations  of  Polwinvlene  Formation 
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In  ihe  first  synthetic  steps  of  the  polymerization,  the  procedure  was  essentially  the 
same  as  for  the  synthesis  of  the  model  olefin  compounds.  The  reductive  complex  was 
formed  in  advance  by  refluxing  TiCLt  with  Zn  powder  in  THF,  and  the  monomer, 
tercphthaldehydc,  was  added  to  the  complex  and  refluxed  for  10  hours.  The  duration  of 
reflux  for  this  stage  of  the  reaction  was  increased  five  times  over  the  model  compounds  to 
assure  complete  coupling  of  all  available  carbonyls.  At  this  point  work-up  procedures  were 
modified  from  steps  used  in  the  synthesis  of  the  model  olefins,  due  to  the  insolubility  of  the 
expected  polymer.  An  aqueous  solution  of  10%  potassium  carbonate  was  added,  which 
not  only  quenched  the  reaction  but  also  precipitated  titanium  by-products.  These  solids 
were  filtered,  and  the  filtrate  was  washed  with  several  fractions  of  diethyl  ether. 

Evaporation  of  the  ether,  however,  yielded  only  a yellow  oily  film.  Since  no 
terephthaldehyde  was  isolated,  all  monomer  was  believed  to  be  consumed. 

The  solid  filter  cake  was  returned  to  a flask  containing  THF  and  refluxed  for  several 
hours.  During  this  period  the  solvent  slowly  turned  yellow,  indicating  possible  formation 
of  polylphenylenevinylene]  |47|.  After  filtration  and  solvent  removal,  however,  a yellow 
oil  was  again  the  only  substance  isolated. 

Extraction  was  repeated  using  DMSO.  and  the  solution  again  became  yellow; 
however,  the  color  was  darker  and  fluorescent.  After  filtration,  the  solution  was  slowly 
dripped  into  several  hundred  milliliters  of  water  resulting  in  the  slow  precipitation  of  a 

experimental  carbon  value  being  slightly  more  than  half  of  its  theoretical  value  (Table  4-1). 
Such  a discrepancy  could  only  be  caused  by  a large  amount  of  titanium  salt  incorporated 

Infrared  spectroscopy  of  the  product  supported  this  explanation  with  a broad 
absorbtion  from  800  to  600  cm-*  which  is  representative  of  a Tt-O  absorption  [24).  This 
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same  signal  is  also  visible  in  Ihe  I.R.  spectrum  of  the  inorganic  niter  cake  (Spectra  4-1  and 
4-2). 

Inorganic  contamination  can  partly  be  explained  by  an  ESR  investigation  performed 
by  Dams  and  coworkers  on  a T1CI3-UAIH4  reaction  mixture  [18],  They  found  that 
immediately  after  deoxygenation  to  the  olefin,  a Ti(III)  species  existed  it  bonded  to  the 
product  olefin  undl  the  reaction  is  worked  up.  Therefore,  it  is  feasible  that  it  bonding 
allows  titanium  to  become  incorporated  into  the  polymer  matrix,  making  it  difficult  to 
separate  from  the  product,  even  after  hydrolysis  work-up. 

In  an  attempt  to  purify  the  product,  the  polymer  was  tefluxed  in  DMF  and  once 
again  precipitated  in  several  hundred  milliliters  of  water.  Filtration  of  the  resulting  solid  left 
a yellow  film  on  the  filter  paper  which  became  transparent  and  brittle  once  dried.  Elemental 
analysis  of  this  film  showed  a dramatic  improvement  in  the  purity  of  the  product,  even 
though  contamination  was  still  evident  (Table  4-2).  Likewise,  the  corresponding  I.R. 

Table  4-1.  Elemental  analysis  of  crude  polv[phenyleneviny!ene]. 

Element  Theory'  Experimental 

C 94.12%  53.72% 

H 5.88%  3.36% 

Table  4-2.  Elemental  analysis  of  polylphenylenevinylene]  after  reprecipitation  from  DMF. 

Element  Theory  Experimental 

C 94.12%  90.65% 

H 5.88%  5.71% 

NMR  analysis  of  the  yellow  polymer  was  very  difficult  due  to  its  low  solubility. 


Using  DMSO-dg  and  allowing  1 


Spectrum  4-2. 


. spectrum  of  McMurry  Chemistry  by  products  in  KBr. 


Spectrum  4-3.  I.R.  spectrum  of  polylphcnylcnevinylcnel  reprccipiiaied  from  DMF. 


Spectrum  4-4.  'H  NMR  spectrum  of  polylphenylenevinylcne]. 


70 


(Spectrum  4-4)  showing  a broad  signal  from  3 6.2  to  3 8.7  for  the  aromatic  protons  and  a 
narrower  signal  at  3 7.9  for  the  vinyl  protons.  In  addition,  a small  peak  at  3 9.9  was 
visible  representing  unreactcd  aldehyde  end-groups.  This  fact  would  suggests  that  the 
reaction  was  not  complete,  since  aldehydes  were  still  present.  However  extending  the 
reaction  times  had  little  or  no  effect  on  the  outcome  of  the  polymerization. 

The  next  monomer  polymerized  was  1 ,2-dibcnzoylethanc.  Although  the  resulting 
polymer  does  not  have  a conjugated  backbone,  it  is  a precusor  to  head-to-head  polystyrene 
(Figure  4-2). 


head-to-head  polystyrene 

Figure  4-2.  Attempted  polymerization  of  1,2-dibenzoylethane. 

The  procedure  followed  was  the  same  as  that  used  for  terephthaldchydc. 
Characterization  of  the  compound,  however,  revealed  that  instead  of  the  expected 
intermolecular  polymerization  of  the  monomer,  intramolecular  coupling  occurred  leading 
the  cyclized  product,  1,2-diphenyl-cyclobutene  (Figure  4-3).  Although  cyclizarion  was 


4-CH-CHCH2CH2-|— 


unexpected  based  on  the  ring  strain  in  cylobutene,  it  is  not  without  precedent-  Baumstark 
et  al.|221  demonstrated  the  same  cyclizarion  of  1 ,2-dibenzoylethane  in  a TiCl3-LiAlH4 


Figure  4-3.  Cyclizarion  of  1,2-dibcnzoylethane  to  1,2-diphenylcyclobutene. 


To  avoid  the  cyclizauon.  trans- 1 -2-dibenzoylethylene  was  used  as  the  monomer.  It 
was  expected  that  having  a double  bond  present  with  a trans  configuration  would  prevent 
intramolecular  coupling  of  the  carbonyls.  The  resulting  polymer.  poly[l,2-diphenyl- 
butadienei.  now  has  a fully  conjugated  backbone  (Figure  4-4). 


Figure  4-4.  Polymerization  of  1,2-diphenylethylcne  to  poly(l,2-diphenylbutadiene]. 


inert  atmosphere  to  reduce  possible  oxidation  of  the  product.  Washing  the  filtrate  with 
ethyl  ether  yielded  a yellow  oil  as  before.  The  remaining  blue  filter  cake  was  placed  in  a 
Soxhlet  extractor,  and  refluxed  in  THF  in  the  extractor  for  two  days,  yielding  a yellow  oil 


r,  signifying  an  in 
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molecular  weight  of  the  polymer.  Proton  NMR  analysis  of  both  oils  gave  nearly  identical 
spectra  with  a broad  multiple!  from  3 6.8  to  3 7.6.  supporting  a repeat  unit  possessing  two 
phenyl  rings  and  two  vinyl  groups  (Spectra  4-5). 

In  an  attempt  to  isolate  higher  molecular  weight  polymer,  the  Soxhlct  extraction  was 
done  with  DMF  as  the  refluxing  solvent.  During  extraction  the  solvent  slowly  changed 
color  from  clear  colorless  to  dark  cloudy  yellow.  After  24  hours  DMF  was  removed  by 
rotary  evaporation  leaving  behind  a brown  powder,  and  analysis  of  the  solid  showed  it  to 
be  mainly  unidentifiable  inorganic  salts  generated  during  the  coupling  reaction. 

The  final  monomer  reacted  with  the  TiCU-Zn  complex  in  an  attempt  to  make  a high 
molecular  weight  polyvinylene  was  2,5-dicarboxaldehyde  furan.  A successful 
polymerization  would  yield  poly[2,5-futylenevinylcne|  (Figure  4-5). 
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Figure  4-5.  Polymerization  of  2,5-dicarboxyaldchyde  furan  10  poly[2,5-fuiyienevinylene]. 

Using  the  same  procedures  as  before,  nothing  more  than  small  amounts  of  a 
crimson  oil  could  be  isolated.  Visual  inspection  of  the  by-product  revealed  the  presence  of 
small  crimson  colored  flakes  which  were  believed  to  be  polymer,  but  every  attempt  to 
separate  them  from  the  inorganic  salts  proved  unsuccessful. 

Evaluation  of  the  results  obtained  from  these  attempted  polymerizations  revealed  the 
problems  involved  in  the  processing  of  polymers  with  rigid  conjugated  backbones.  Based 
on  the  color  of  the  reactions  during  work  up  (lemon  yellow  for  polyjphenylcnevinylene] 
[471),  coupling  of  the  carbonyls  appears  to  have  taken  place.  The  polymer,  however, 
apparently  reaches  a limiting  molecular  weight  after  which  it  becomes  insoluble  and 
precipitates.  In  most  cases  only  a low  molecular  weight  oil  was  isolated.  When  higher 
molecular  weight  fractions  were  isolated,  they  were  contaminated  with  inorganic  salts. 


The  investigation  into  possible  formation  of  polymers  with  McMurry  chemistry 
was  then  extended  to  the  area  of  polypinacols,  where  the  presence  of  hydroxy  functional 
groups  would  make  the  polymers  more  soluble  and  easier  to  isolate.  Two  monomers  were 
investigated,  tcrephthaldehyde  and  2,5-dicarboxaldehyde  furan,  which  if  successfully 
polymerized,  would  yield  poly[l,4-phenylene-l,2-ethylenediol]  and  poly|2,5-furyl-l,2- 
ethylencdiolj  respectively  (Figure  4-6). 

As  in  the  case  for  polyvinylenc  formation,  the  TiCU-Zn  complex  was  formed  in 
advance  in  THF  and  cooled  to  0°C  before  the  addition  of  monomer.  This  temperature  was 
carefully  maintained  while  the  mixture  stirred  from  2 to  10  hours,  after  which  it  was 
hydrolyzed  with  a 10%  potassium  carbonate  solution  and  the  resulting  inorganic  solids 


filtered-  The  molecular  weight  of  the  product  depended  gready  on  the  length  of  reaction 


Figure  4-6.  Polymerization  of  dialdehydcs  to  their  respective  polypinacols. 


time  increased,  however,  the  amount  of  polymer  found  in  the  nitrate  reduced,  suggesting  a 
higher  moleculcr  weight  product  had  been  formed.  It  now  became  necessary  to  reflux  the 
inorganic  filter  cake  in  THF  to  isolate  product,  much  like  the  method  necessary  in  the 
attempted  isolation  of  polyvinylenes.  Polymers  were  purified  by  reprecipitadon  in  hexane. 
Elemental  analysis  of  the  two  polymers  gave  acceptiblc  correlations  to  the  theoretical  values 

Comparisons  of  the  proton  NMR  spectra  of  the  polymers  with  the  spectra  of  the 
analogous  model  compound  supported  the  formation  of  the  expected  diol  repeat  units.  The 
hydroxy  signals,  however,  had  shifted  downfield  in  both  cases.  As  in  the  case  of  the 
model  compounds,  representative  peaks  for  the  meso  and  dl  isomers  within  the  polymer 
chains  are  recognizable,  confirming  the  projection  of  a stereochemically  random  polymer. 

A major  clement  in  the  polymer  spectra  is  the  presence  of  an  aldehyde  peak  at  3 9.9  for 
polylphcnylcnc-ethylenediolj  and  3 10.0  for  polylfurylenc-ethylenediol],  signifying  that 


nplction  (Spectra  4-6  and  4-7). 


75 


-K>®fc 


Spectrum  4-6.  1 H NMR  spectrum  of  polyl phenylene-cthylcncdioll . 


Spectrum  4-7.  ’H  NMR  spectrum  of  poly[fury!cne-ethylcnedioll. 
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in  the  proton  spectra  for  both  polylphenylene-ethylencdioll  and  po!y[fuiylene-eihylenediol] 
at  3 7.2  and  3 7.4.  respectively,  as  well  as  in  the  '3c  spectrum  of  PPED  at  3 141 
(Spectrum  4-8). 

Molecular  Welsh!  Determination 

End-Qrpup  Analysis 

Initial  molecular  weight  assessments  of  polylphcnyiencvinylene],  polylphenylene- 
ethylencdiol,  and  polylfurylene-ethyienediol]  were  made  by  an  end-group  analysis  using 
the  integration  data  obtained  from  the  proton  NMR  spectrum  for  each  polymer.  The 
aldehyde  peaks  in  each  case  are  representative  of  the  unreacted  end-groups  for  the 
polymers,  and  by  a comparison  of  their  relative  integration  values  with  the  rest  of  the 


77 


molecule,  a number-average  degree  of  polymerization  Xn  was  calculated,  leading  to 
number-average  molecular  weight  Mn  values  of  1050, 2850  and  5540  for  the  three 
polymers,  respectively  (Table  4-3).  To  use  this  method,  however,  the  assumption  had  to 
be  made  that  all  end-groups  wen:  aldehydes.  If  this  were  not  the  case,  then  the  calculated 
molecular  weights  would  be  erroneously  high. 


Table  4-3.  Degrees  of  polymerization  and  molecular  weights  for  polymers  synthesized. 


Polymer 

polylphenylenevinylene] 
polylphenylene-ethylenediol) 
polylfutylene  ethylencdioil 


polymer/ aldehyde  Xn  Mn 

96.67  / 3.33  9 1050 

98.79/1.21  20  2850 

99.05/. 95  43  5540 


Vapor  Pressure  Osmometry 

Due  to  the  uncertainty  involved  in  the  use  of  end-group  analysis  for  a molecular 
weight  evaluation  of  these  polymers,  vapor  pressure  osmometry  (VPO)  was  used  to  obtain 
a comparative  value.  Due  to  the  low  solubility  of  the  polymers,  dimethyl  sulfoxide  was 
chosen  as  the  solvent  and  the  temperature  of  the  apparatus  set  at  102°C.  Using  bcrntil  as  a 
standard,  a calibration  constant  of 448  was  obtained,  which  was  then  used  to  calculate  the 
molecular  weight  of  the  polymer.  A Mn  value  of  approximately  2650  for  polylphenylene- 
ethylenediol  was  determined,  which  is  stighdy  less  than  the  value  of 2850  obtained  using 
end-group  analysis.  The  molecular  weights  of  polylphenylenevinylene]  and  polyffurylene- 
ethylenediol]  could  not  be  obtained  using  this  method,  since  the  corresponding  solutions 
were  apparently  too  dilute  to  create  an  effective  (or  reproducible)  change  in  the  relative 
vapor  pressure  of  DMSO. 


The  two  molecular  weight  values  obtained  for  poly[phenylene-ethylenediol)  in  this 
study  cotrespond  well  enough  to  verify  the  assumption  that  the  majority  of  polymer  end- 
groups  are  aldehydes.  If  the  polymer  chains  still  possessed  carbonyl  functionalities,  why 
did  they  not  continue  to  couple  and  form  higher  molecular  weight  polymer?  One 
possiblility  might  be  insufficient  reaction  times,  yet  it  has  already  been  shown  that 

polymers.  Answering  this  question,  therefore,  requires  an  understanding  of  the  additional 
mechanistic  features  involved  in  the  formation  of  polymers  using  McMurry  chemistry. 


Although  the  monomers  possess  two  carbonyls  per  molecule,  only  one  of  them  is 

faster  than  the  rate  of  reduction  due  to  the  reactivity  of  the  radical  anions.  The  initial  step 
therefore  involves  formation  of  a dimer  complex  possessing  an  unrcacted  carbonyl  at  each 


end  (Figure  4-7). 


Figure  4-7.  Fo 


implex  during  initial  stage  of  polymeria 
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At  this  point,  two  processes  can  occur  (Figure  4-8).  One  process  (option  1) 
involves  further  reduction  of  another  carbonyl  to  a radical  anion  resulting  in  rapid  coupling 
with  monomer  or  another  dimer.  The  second  process  (option  2)  involves  the  subsequent 
deoxygenation  of  the  intermediate  causing  olefin  formation.  There  is  some  discrepancy  in 


McMuny  111]  reported  that  the  rate-determining  step  in  the  coupling  to  olefins  must 
involve  loss  of  oxygen  from  the  pinacolatc  intermediate,  but  that  deoxygenation  should  be 

the  mechanistic  study  performed  by  Dams  and  coworkers  (18],  however,  the  rate- 
determining  step  is  said  to  be  the  dimerization  and  not  the  cleavage  of  the  oxygens. 


: rapidly. 


O O 


OCH- 


econd  stage  of  polymerization  involving  one  of  t 


Figure  4-8.  Se 
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Considering  this  information  as  well  as  the  molecular  weight  data  obtained 
for  polylphcnylcnevinylene),  the  rate  of  deoxygcnauon  during  the  polymerization  must  be 
faster  than  the  rate  of  carbonyl  reduction.  The  result  of  this  process  is  slow  formation  of 
the  polyvinylcne  while  maintaining  carbonyl  end-groups.  When  an  aldehyde  is  reduced, 
coupling  then  occurs  extending  the  chain,  followed  by  cleavage  of  the  oxygens.  The 
growth  of  the  polymer  chain  continues  in  this  fashion  until  it  reaches  the  limiting  molecular 
weight  leading  to  precipitation.  Once  the  polymer  has  precipitated,  polymerization  stops 
and  the  carbonyls  are  no  longer  susceptible  to  reduction;  thus,  the  end-groups  remain 

Mechanistic  Steos  Involved  in  Polvninacol  Formation 

described  for  the  polyvinylcne  case.  A carbonyl  on  the  monomer  molecule  is  reduced  to  a 
radical  anion  and  coupies  with  another  radical  anion  along  a titanium  surface  forming  the 
intermediate  dimer.  Since  the  temperature  is  maintained  at  0°C,  dcoxygenation  does  not 
occur  and  is  therefore  not  a factor  in  the  polymerization  mechanism.  Consequently,  the 
polymer  chain  continues  to  lengthen  while  remaining  complexed  to  the  titanium  (Figure 
4-9). 

polyvtnviene.  me  polypinacol  is  more  soluble  and  remains  in  solution  longer,  allowing  a 
more  complete  reduction  of  the  aldehydes  present.  This  result  explains  the  increase  in 
extents  of  reaction  from  0.89  for  polylphenylenevinylene]  to  0.95  for  polylphenylene- 
ethylenediol]  and  0.98  for  polylphenylene-cthylenediol).  Even  with  the  increased 
flexibility  of  the  polymer  backbone,  however,  there  still  exists  a limiting  chain  length  after 
which  point  reduction  of  the  remaining  carbonyl  end-groups  ceases.  Once  this  point  has 
been  reached,  the  length  of  reaction  time  is  no  longer  a factor.  In  fact,  longer  reaction  times 


sired  olefin  formation. 


The  final  slop  of  the  reaction  is  the  hydrolysis  of  the  intermediate  polymer  to  the 
sponding  polypinacol.  Even  though  this  step  proceeds  in  a fashion  similar  to  that  for 
:I  compounds,  longer  reaction  times  were  allowed  to  assure  complete  hydrolysis. 


Figure  4-9.  Polymeria 


i polypinacol. 


CHAPTER  5 

AN  INVESTIGATION  INTO  METHODS  FOR  INCREASING  POLYVINYLENE 
SOLUBILITY 


II  was  demonstrated  in  the  synthesis  of  polyvinylcnes  using  McMutiy  chemistry  that 
polymers  possessing  rigid  backbones  have  low  solubility  in  organic  solvents,  with 
processing,  characterization,  and  even  simple  purification  being  difficult  tasks  to  perform. 
This  phase  of  the  research,  therefore,  dealt  with  an  investigation  into  possible  methods  for 
increasing  polyvinylene  solubility.  A great  amount  of  research  has  been  dedicated  to 
overcoming  the  problem  of  low  solubility  with  varying  results  [48-56].  Presently,  this 
work  can  be  categorized  into  two  major  areas  of  interest:  the  presence  of  solubilizing  side 
groups  in  the  polymer  chain  and  the  formation  of  soluble  polymer  precursors. 


Past  and  Present  Methods  for  i 


In  1986  Sato  et  al.  [48]  prepared  tractable  polythiophenes,  which  are  soluble  in 
ordinary  organic  solvents  at  ambient  temperatures,  by  electochemical  polymerization  of 
thiophene  monomers  having  a long  alkyl  substituent . The  polyalkylthiophenes  examined 
were  poly(3-hexylthiophene)  (PHT),  poly(3-octylthiophene)  (POT),  poly(3-dodecyl- 
thiophene)  (PDDT),  poly(3-octadecylthiophene)  (PODT),  and  poly(3-icosylthiophene) 
(PIT),  with  the  conductivities  of  their  oxidized  films  being  95, 78, 67, 17.  and  11  Scnr1, 
respectively  (Figure  5-1).  The  degree  of  polymerization  descended  as  the  length  of  the 
alkyl  substituent  grew.  Patil  et  al.  [49]  extended  this  concept  by  placing  a sodium  sulfonate 
group  on  the  alkyl  side  chain  which  allows  for  water  solubility,  however,  only  polymers 
with  degrees  of  polymerizations  of  2 and  4 are  reported  (Figure  5-2). 
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There  ore  disadvantages,  however,  in  obtaining  solubility  using  the  solubilizing  side 
chain.  Since  many  of  these  side  groups  arc  bulky,  they  can  have  an  adverse  effect  on  the 
morphology  of  the  conductive  polymer.  Steric  interactions  can  lead  to  ring  twisting 
(reducing  it  overlap)  as  well  as  preventing  the  close  packing  of  chains  necessary  for 
conductive  interactions.  This  effect  is  clearly  demonstrated  in  the  work  of  Sato  et  al.[48]. 

The  Formation  of  Soluble  Polymer  Precursors 

Using  precursor  routes  to  obtain  highly-conjugated  polymers  was  first  investigated  in 
1 939  by  Marvel  et  al.  who  considered  dehydrohalogenation  of  polyvinylhalides  with  zinc 
to  form  polyacetylene  [50].  The  precursors  were  obtained  by  radical  polymerization  of 
vinylhalides  with  peroxides  to  yield  the  high  molecular  weight  polymer.  They  found, 
however,  that  under  the  extreme  conditions  used  for  the  elimination,  emsslinking  occurred 
along  with  formation  of  cyclopropane  units  (Figure  5-3). 


PHT  POT  PDDT 


95  S cm'1  78  S cm"1  67  S cm4 


PODT  PIT 


17  S cm"1  1 1 S cm'1 


ups  to  improve  solubility. 


Figure  5-1.  Polyalkylthiophenes  with  alkyl  side  grou 
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Feast  and  coworkers  (51-53)  have  done  the  most  extensive  study  of  precusor  routes 
for  polyacetyiene  to  date.  Their  approach  involves  synthesizing  the  precursor  polymers  by 
a metathesis  ring-opening  polymerization  of  monomers  like  7,8-bis(trifluoromethyl)- 
tricycIo(4.2.2.02.5)deca-3.7.9-triene. 


for  n = 2 and  4 


Figure  5-2.  Polyalkylthiophene  with  a sodium  sulfonate  side  group  for  water  solubility. 


crosslinking 


Figure  5-3.  Precursor  route  to  polyacetyiene  prepared  by  Marvel  et  al. 


The  precursor  polymers  formed  arc  soluble  materials  which  can  be  purified  by  simple 
reprccipitadon.  then  cast  into  films  or  fibets  from  solution.  1 ,2-bis  (trifluoromethyl)- 
benzene  is  then  thermally  eliminated  from  the  precursor  polymer  to  form  cis-polyacetylene 
which  isomcrizes  to  trans-polyacetylene  at  higher  temperature  (Figure  5-4). 

Wudl  et  al.  [56]  used  a similar  approach  in  the  formation  of  polyphenylenevinylenc 
and  poiythienylenevinylene  by  starting  with  precursor  polymers  which  possessed  a 
solublizing  sulfonium  chloride  side  group  in  each  repeat  unit.  Once  the  precursor  is 
processed  into  fibers,  the  sulfonium  chloride  is  thermally  eliminated  producing  the 
conjugated  system  (Figure  5-5). 


=f=/  \=^= 


Figure  5-4.  Prccurst 
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Figure  5-5.  Precursor  rouie  10  polylphenvlenevmvlene]  used  by  Wudl  ei  al. 

Although  the  precutsor  method  is  generally  accepted  as  being  a successful  procedure, 
it  does  possess  disadvantages.  Very  often  the  chemistry  involved  in  the  synthesis  of  the 
precursor  is  exotic  and  difficult  to  control.  In  addition  the  elimination  process  is  often 
incomplete,  resulting  in  short  conjugation  lengths  within  the  polymer  backbone. 

A New  Approach  w Soluble  Pplmanytencs 

The  inability  to  isolate  the  polyvinylenes  formed  via  McMurry  chemistry  forced  a 
consideration  of  possible  modifications  to  improve  solubility,  other  than  the  two  concepts 
already  discussed.  A new  approach  was  explored  in  the  course  of  this  work,  which 
combines  advantages  from  both  solublizing  side  groups  and  precursor  methods.  Like  the 
work  of  Sato  and  coworkers  (48),  who  used  alkyl  side  groups  to  improve  solubility,  this 

addition  uses  a chemical  "trigger''  which  releases  the  side  group  once  the  polymer  has  been 
formed  and  processed  (Figure  5-6) 

Frechet  and  William  [27]  described  an  efficient  synthetic  route  to  pure  high  molecular 
weight  poly[p-hydroxystyrene]  by  first  synthesizing  a precusor  polymer  possessing  a tert- 
butoxycarbonyl  (t-BOC)  protecting  group  (Figure  5-7).  The  purpose  of  the  t-BOC  in  this 
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Figure  5-6.  Polymerization  with  a bulky  side  group  released  by  a chemical  trigger. 


case  is  to  protect  the  hydroxy  group  during  radical  initiation  (or  cationic  initiation  in  liquid 
SO2)  of  p-hydroxystyrene.  Once  the  precursor  polymer  has  been  formed,  the  t-BOC 
group  is  removed  by  thermal  elimination  of  carbon  dioxide  and  2-methylpropcne  at  191°C. 
Analysis  of  the  polymer  after  heating  to  200°C  shows  that  it  consists  of  pure  poly(p- 
hydroxystyrene)  produced  by  the  thermolysis  of  the  t-BOC  protecting  group  with  evolution 
of  one  molecule  of  carbon  dioxide  and  one  molecule  of  2-methylpropene  per  t-BOC  group. 

Although  the  original  purpose  of  the  t-BOC  group  in  this  work  was  to  protect  the 
hydroxy  functionality,  its  steric  bulk  should  render  stiff  polymer  chains  soluble,  as  was 
experienced  by  Sato  et  al.[48]  with  alkyl  side  groups.  The  advantage  over  the  method  of 
Sato  and  Wudl,  however,  is  that  the  side  group  can  be  completely  removed,  once  the 
polymer  has  been  processed  to  the  desired  form. 

The  new  approach,  therefore,  would  be  to  prepare  an  aromatic  dialdehyde  possessing 
the  t-BOC  group,  which  could  then  be  polymerized  by  the  McMurry  complex  (Figure  5-8). 
The  resulting  polymer  would  be  soluble  and  processible  allowing  formation  of  films.  Once 
processing  was  complete,  the  t-BOC  group  could  be  quantitatively  removed  by  heating  the 


: to  191°C. 


Figure  S-8.  Use  of  I-BOC  as  a solublizing  side  group  in  the  synthesis  of  polyolefins. 

A model  compound  study  was  done  to  verily  if  coupling  of  an  aldehyde  compound 
possessing  a t-BOC  group  is  feasible  utilizing  McMurry  chemistry.  The  model  aldehyde, 
p-tert-butoxycarbonyloxybenzaldehyde,  was  synthesized  reacting  di-tertbutyldicarbonate 
with  p-ltydroxybenzaldehyde  [30],  and  this  compound  was  exposed  to  the  TtCU-Zn 
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complex  in  THF  under  reflux  conditions  in  an  attempt  to  synthesize  4,4'-di(tenbutoxy- 
carbonyioxy)stilbcne.  If  coupling  indeed  had  occurred,  then  heating  of  the  compound 
would  remove  the  t-BOC  groups  yielding  4,4'dihydroxystilbene.  Analysis  of  the  initial 
product,  however,  revealed  that  4,4'-dihydroxystilbene  had  been  formed  immediately 
(Spectra  5-1  and5-2).  While  coupling  of  the  aldehyde  had  been  successful,  the  t-BOC 
protecting  groups  were  removed  prematurely  in  the  process  (Figure  5-9). 


CHO  CHO 


Figure  5-9,  Attempted  coupling  of  p-hydroxybenzaldehyde  with  the  t-BOC  side  group. 


Spectrum  5-1.  'll  NMR  spectrum  of  4,4'-dihydroxystilbenc. 


Spectrum  5-2.  I3C  NMR  spectrum  of  4,4'-dihydroxystiIbene.. 
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Initial  speculation  was  that  the  temperature  of  reflux,  though  well  below  the  191°C 
used  for  the  removal  of  the  t-BOC  groups,  contributed  to  their  premature  elimination.  An 
experiment  was  therefore  designed  to  allow  exposure  of  the  model  aldehyde  to  the 
reductive  complex  in  the  absence  of  reflux  conditions.  In  addition,  aliquot  samples  of  the 
reaction  mixture  were  taken  at  varying  times  for  proton  NMR  analysis.  The  solvent  used  in 
the  reaction  was  changed  from  tetrahydrofuran  to  p-dioxane  to  assure  that  the  NMR  signal 
for  the  tettbutyl  group  would  be  visible. 

The  initial  aliquot  was  removed  at  the  beginning  of  the  reaction  with  only  the 
aldehyde  and  Zn  present  in  dioxane.  NMR  signals  for  the  t-butyl  protons,  the  aromatic 
protons,  and  the  aldehyde  proton  were  clearly  visible  at  3 1.60,3  7.70,  and  3 10.17 
respectively.  The  reaction  mixture  was  cooled  to  - 1 0°C  followed  by  careful  injection  of  the 
TiC4-  An  aliquot  of  the  green-yellow  solution  was  removed  for  proton  NMR  analysis. 
The  aldehyde  and  aromatic  signals  were  barely  visible,  while  two  singlets  now  existed  in 
the  t-butyl  region  at  3 1.50  and  3 1.60  with  a signal  ratio  of  about  2 to  1.  The  reaction 
continued  to  stir  under  argon  at  - 10°C,  while  slowly  darkening  in  color.  After  30  minutes 
another  aliquot  of  the  dark  blue  solution  was  taken;  however  spectral  analysis  revealed  no 
visible  signals  other  than  the  broad  dioxane  peak  at  3 3.55  (Spectra  5-3  and  5-4). 

Interpretation  of  these  results  suggests  that  even  at  low  temperatures  the  t-BOC  group 
cannot  survive  exposure  to  the  reductive  complex.  The  second  NMR  spectrum  shows  a 
significant  decrease  in  the  amount  of  tertbutyl  signal  at  3 1.60  while  a second  tertbutyl 
signal  appears  at  3 1.50 . This  second  signal  represents  the  t-BOC  group  in  solution, 
having  been  removed  from  the  ring.  Work  up  of  the  reaction  afforded  mainly  p-hydroxy- 
bcnzaldchydc.  The  reaction  conditions  were  too  mild  to  allow  substantial  coupling,  but 

This  model  compound  work  demonstrated  that  the  concept  of  using  t-BOC  groups  in 
the  polymerization  of  conductive  polymers  with  McMurry  chemistry  is  not  a feasible 
process.  However,  the  use  of  such  a group  with  other  polymerizations  has  not  been 
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investigated.  Since  conductive  polymers  can  be  synthesized  by  a variety  of  different 
methods,  a reactive  system  in  which  the  t-BOC  group  can  survive  should  exist. 


Spectrum  5-3.  ]H  NMR  spectrum  of  p-t-BOCbenzaidehyde  in  dioxanc  with  Zn. 


Spectrum  5-4.  *H  NMR  spectrum  of  p-t-BOCbenzaldehyde  in  dioxane  with  TiCU-Zn. 
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